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I. 1985 PROGRAM ACCOMPLISHMENTS: SUMMARY

The purpose of the La Jolla Institute's (LJI) technology

innovation search program for DARPA is to identify, for

consideration of support at universities, research areas either

outside of current DARPA programs which could provide the basis

for new programs or those, which though they fall within existing

programs, offer a significant new approach or idea cearly

affecting the program's goals. This search process has been

mainly, though not uniquely, confined to universities and makes

use of LJI's staff and network of Associates tO write reports,

C convene workshops, etc. to bring both new and overlooked areas to

DARPA's attention. Bslw*-are summarized some of this year's

program activities. Complete copies of the longer reports are

reproduced in the Appendix.
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I:. ABSTRACTS OF REPORTS AND WORKSHOPS

A. "Report on the Polymer Flow Workshop" LJI-R-85-335 (Y. Rabin,
Ed. (LJI)j

This report summarizes the workshop held in La Jolla,

July 10-12, 1985. Below are listed the meeting's agenda plus a

summary.

Polymers in Well-Characterized Flows, (M. M. Reichman,

Chairman.)

'Studies of Flow-Induced Conformation Changes in Polymer

Solution,O L. G. Leal (Caltech, Pasadena).

mExtending Chains by Extensional Flow in Solution: An

Approach to Characterize Long-Chain Molecules and Their

Interactions,* J. A. Odell (Bristol University).

'Theoretical Studies of the Coil Stretching Transition of

Polymers in Elongational Flows," Y. Rabin (La Jolla Institute).

"Flow Modification by Polymers," Neil Berman, Chairman 0

*Dynamics of the Inhibition of Stretching Flows: A

Theoretical Study of a Dilute Polymer Solution Beyond the

Coil-Stretch Transition in a Stretching Flow of Limited Force,'

* E. J. Binch (Cambridge University).
,C

'The Orientation and Elongation of Macromolecules in Flow and

Related Effects," M. P. Tulin (UC, Santa Barbara). S

"Turbulent Flow Interactions and Drag Reduction," J. W. Hoyt

(San Diego State University).

'Modern Theoretical Treatments of the Polymer-Flow
S

Interaction,' P. Pincus, Chairman.

"Polymer Dynamics in Flow," M. Mithukumar (University of

Massachusetts).
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"Excluded Volume and Concentration Dependence of Polymer Flow

Properties in Dilute Solutions," K. F. Freed (University of

Chicago).

'Time-Dependent Calculations of Polymer Dynamics in Flow,r

Y. Oono (University of Illinois).

'Dynamics of Semi-Dilute Polymer Rods," M. Fixman (Colorado

State University).

*Local Conformational Transitions in Polymer Flows,"

J. Bendler (General Electric).

Polymers in Flow Near Surfaces, Mechanochemistry,

(I. Skurnick-, Chairman).

"Absorbed Polymer Layers Subjected to Flow,* G. G. Fuller

IStanford University).

'Motion of Polymers Hear Surfaces," E. A. DiMarzio (National

Bureau of Standards).

*The Interaction Between Flow and Chemical Reactivity in 0

Determining Polymeric System Rheology,' A. Silberberg (Weizmann

University).

Recent experiments on the behavior of polymers in well-

characterized flows were reviewed by Leal (Caltech) and Odell

(Bristol). These experiments use devices (4-roll mills, cross-

slit devices, etc.) in which elongational strain rates are

achieved, that are sufficiently high to cause a transition from an

unperturbed coil state to a stretched state of the polymers. It

has been emphasized that significant flow modification by minute

quantities of high molecular weight polymeric additives (<100 ppm)

3
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can be caused only by the stretched polymers since a solution con-

sisting of the latter is no longer dilute (there are many other

polymers in the volume spanned by a stretched macromolecule).

Such flow modification has been observed by local dynamic light

scattering, Leal; and laser doppler velocimetry, Odell; and it is

generally believed that the above mechanism is also responsible

for other dilute polymer solution phenomena such as turbulent drag

reduction, "bathtub vortexw inhibition, anomalous pressures in

Pitot tubes, inhibiting the cavitation of bubbles, etc.

The theory of the stretching of polymers by elongational

flows has been discussed by Rabin (LJI). It consitutes a first

attempt to combine a molecular level description (including

polymer molecular weight and flexibility) of the polymers, with a

proper description of their coupling to the flow field. The

results are in excellent agreement with experiments on the

molecular weight dependence of the critical strain rates needed to

stretch the polymers in elongational flow.

The consequences of the stretching of polymers for flow

modification have been investigated (theoretically) by finch

(Cambridge) and Tulin (UCSB). Hinch has analyzed the somewhat

hypothetical problem (related to fiber spinning) of a dilute

polymer solution column that is being stretched by a constant

external force. The salient conclusion is that as the polymers

get stretched by the local strain rate, their contribution to the

fluid stress (momentum transfer) increases dramatically, resulting 0

in a negative feedback that tends to reduce the strair rate in the

4



fluid to the level where it is barely sufficient to maintain the

polymers in their stretched state. Tulin has investigated the

anomalous pressure drop in Pitot tubes (in dilute polymer

solutions). In both cases, drastic modification of the

unperturbed flow (due tothe presence of minute quantitites of

polymers) was predicted to occur already in the laminar regime.

The phenomenology of flow modification in the turbulent

regime (turbulent drag reduction) has been discussed by Hoyt

(SDSU) who had emphasized that considerable drag reduction can be

achieved by a variety of additives such as polymers, fibers, soaps

and even sand. The distinguishing feature of polymers is the

unusually low quantity of additive (,0.02 ppm) needed to obtain

measurable drag reduction; this, we believe, is a consequence of

the fact that a dilute (by weight) solution of polymers becomes

quite concentrated (the polymer volume fraction increases by a

factor of about 104-1081) in the stretched state, thus producing

a measurable flow modification.

The current state of theory of polymer solution dynamics has

been reviewed by Muthukumar (Amherst), Freed (Chicago) and Oono

(Urbana). Muthukumar has reviewed the recently developed methods

P tcluster expansions, effective medium theory) for dealing with the

viscosity and other kinetic coefficients of semi-dilute polymer

solutions. Although the results are in a reasonable agreement

with experiments on quiescent and weakly sheared solutions, they

have not yet been extended to the strong flow regime (e.g., the

experiments of Leal and Odell). Freed and Oono had focused on the

application of renormalization group methods to polymer solution

* m mJ m5



dynamics. These methods are universally considered as the best

theoretical tools for dealing with static properties of polymers;

their application to the calculation of dynamic quantities and, in

particular, to realistic flow situations is the subject of

ongoing research and it remains to be seen whether they will be

able to incorporate such important features as polymer

inelasticity (at high elongations) and entanglements between the

polymer chains.

Results of numerical simulations of the dynamics of 0

semidilute solutions of rigid rods have been reported by Fixman

(Fort Collins). They show that the *cage" concept of the

Doi-Edwards theory is probably wrong at intermediate

concentrations and indicate that the presently popular "reptation

in a tube" type description of polymer motions may be

inappropriate for the semidilute solution regime.

Going to the more concentrated polymer systems (amorphous

solids), an attempt to connect the local conformational dynamics

of polymer chains to be observed visco-elastic spectrum in 'solid

state flows,' was reported by Bendler (GE). The conformational

potential energy functions for polymers such as polystyrene, PMMA

and polycarbonate were computed using quantum (Hartree-Fock type)

methods. In view of the fact that intermolecular interactions and

constraints were not taken into account in this model, the

agreement with experiments on stress relaxation, yielding and

crazing, glass transition temperatures, NMR and dielectric S

relaxation, etc., is quite surprising.



Recent experimental work on the flow of polymers near

surfaces (and fluid flow in the presence of surface-adsorbed
6t

polymers) has been reviewed by Fuller (Stanford). The apparent !

contradiction between hydrodynamic and ellipsometric experiments

on flow past adsorbed polymer layers (where thickening of the

layer is seen in the first and thinning in the later) can possibly

be attributed to the fact that hydrodynamic (pressure drop) type

experiments are sensitive to the longest chains present, while

ellipsometry measures the average width of the polymer layers.

The theory of these phenomena was discussed by DiMarzio (NES) in

the context of related problems such as the separation of polymers

of different molecular weights by flow through capillaries and the

stretching of isolated, surface-adsorbed polymers by shear flows.

While some theoretical understanding of the adsorbed polymer

distortion can be claimed at present, the problem of flow

modification (under these circumstanc3s) is completely open.

Finally, the coupling between chemical reactivity of polymers

and their flow-induced conformational state has been analyzed by

Silberberg (Weizmann). It has been suggested that chemical

reactions can modify viscoelastic behavior and vice versa, that

the stretching of polymers can inhibit or enhance chemical

reactivity (by altering the number of effectively available

reaction sites). In view of the potential applications it is

somewhat surprising that no experiments have been done in this

area to date.
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The report does not contain all the papers presented in the

Agenda, however it does contain some papers in addition to those

in the Agenda.

0

8



B. "Preliminary Report on the Use of Anti-Matter" LJI-R-85-345
(P. Hammerling (LJI)]

We had a few informal meetings in the Summer of 1985 with 4

proponents of an antimatter production and storage program as well

as with some JASON members. Additionally, we have been in contact

with one of the Los Alamos group. The players in this arena are

Bruno Augenstein of RAND, who first brought this to our attention;

R. L. Forward, now at flughes; Professor Gabrielse of the

University of Washington; and a team at the Los Alamos National

Laboratory. The concepts start with going to CERN to use the LEAR

facility, a low-energy, antiproton machine producing some

108 F/sec,-further slowing down these particles, and then storing

them in a Penning trap. Drs. Augenstein and Forward would like

eventually to combine F's and positrons to form a#.!- n

atoms and ultimately to form a cryogenic ball suspended perhaps by

laser levitation techniques. Dr. Forward is advocating the

consideration of antimatter in propulsion, there being

-44 kton/gram energy content potentially available.1  RAND has

also discussed a possible SDI role for antimatter and has outlined

a research program.2 Neither the internal (Professors K. A.

C Brueckner and W. B. Thomson and Dr. P. Rammerling) nor the

external (Professors S. Drell, F. J. Dyson, N. Fortson, and

W. Happer) panel was particularly convinced by the arguments for

these applications as justifying a DoD-sponsored R&D program in

antimatter production and storage. Such a program would use

available data from ordinary matter experiments and theory to help 0

devise the configuration used for antimatter, and thui need not be

9
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excessively expensive at first. Apart from basic physics

experiments already proposed or being done at LEAR: inertial and
S

gravitational mass of the antiproton, its g-value, the

spectroscopy of the P + V analog of positronium, and possibly the

Lamb shift of antihydrogen; no really exciting experiment

requiring a bottle of antiprotons was identified by the panels.

Particle physicists would be interested in a source of polarized

antiprotons which could then be accelerated to high energies.
C

Trapped antiprotons could be the first step in achieving this

goal, but interesting though this might be, it is not a DoD

objective. Probably the most thought and resources devoted to the

.4use of antimatter come from Los Alamos3 ,4 where they have also

identified _applications which presumably justify their

R&D efforts. Whatever these applications may be, it will take

some years of preparation and investigation to accumulate the data

required to make an intelligent evaluation. Assuming for the 0

aoment that there is a desire to pursue this further, there is

some concern that there is no source within the U.S. to replace

LEAR if it is no longer available, unless a FNAL accelerator is

reactivated. LAMPF II has not yet been approved. Meanwhile the
(

Canadians (Triumph I) and the Russians (UNK) may have

considerable (-1016 F/year) production rates in a few years time. 0
There is consequently a meeting planned for early October to

discuss a better production facility within the U.S. The topics

to be discussed cover:

1. a. antihydrogen physics 0

b. polarized antiproton sources

10 0
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c. capture of antiprotons in traps

d. low-energy antinuclear interactions

e. gravitational effects of antimatter

2. possible machine parameters and lattice design

3. electron and stochastic cooling needs

4. deceleration techniques (RFQ, electron cooling)

5. injection and extraction

6. positron sources, positron cooling and f formation

techniques

7. location of facility

The Los Alamos group is putting together a meeting to address

the physics and motivation issues at Fermi Laboratory sometime in

the Spring of 1986. The demonstration and availability of a

transportable source of antiprotons is a near-term goal of the

Los Alamos program.4 They feel that there may be some interest in

using antiprotons as probes of condensed matter such as e.g.,

superfluid helium.4 Other possibilities may be identified,

hopefully in more detail.than at present, in the Spring meeting.

Antimatter production costs have been estimated by Rand. 1

The costs depend on the parameter I - number of I produced andC
collected/number of P in the incident beam, and whether there is

self-power and some energy recovery of the P beam. The costs per

mg/year are A = 104: 1.3 x 109$ (without), 68 x 106$ (with

self-power); = 10-3: $33 . 106$ (without), 9 x 106$ (with).

A = 10- 4 "can be done now,* A a 10- 3 is "a difficult near-term

goal." The capital costs have been amortized over 40.years in

making these estimates.

11



Before completely shutting the door to consideration of DoD

support, it is suggested that the latter meeting be monitored

and a classified briefing from Los Alamos be arranged.

References

1. B. W. Augenstein, 'Concepts, Problems, and Opportunities for
Use of Annihilation Radiation Energy--Near Term RDT&E to
Assess Feasibility: An Annotated Briefing," RAND Report
N-2302 AF/RC (May.1985).

2. R. L. Forward, sAntiproton Annihilation Propulsion,*
AFPRL-TR-85-000 (June 1985).

3. L. Campbell, et al., 'Basic Research in Atomic Nuclear and
Particle PhysicsO LA-UR-84-3572.

4. M. V. Hynes, mPhysics with Low-Temperature Antiprotons,O
LA-UR-85-1060 (January 1985).
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C. "Comments on the Strategic Computina Program at IPTO"

LJI-R-85-347 IS. Amarel (Rutgers)]

These are preliminary comments on parts of the SC program at

IPTO. They are based on limited information about the current

state of the program, and are intended to provide inputs for

planning. Areas discussed include vision, natural language

processing, architectures and expert systems. Work on micro/opto

electronics, speech processing and infrastructure is not

discussed.

A general comment: A key characteristic that distinguishes

the core or basic part of IPTO programs from the SC part is that

the latter-concentrates on information processing systems for

performing certain kinds of real life tasks. It is expected that

these tasks can be approached by using results of research in Al,

in computer systems, and in micro-electronics. Accomplishing

these tasks will also require important technological and

methodological advances in order to (a) adapt and scale-up known

technology, (b) integrate it into complete systems, and (c) solve

new problems that are identified in the course of attempting to

build these systems. Also it is expected that R&D efforts on

these systems will produce working prototypes within a relatively

short period of time (2-5 years).

A fundamental issue in R&D on systems is how to define a

reasonable" system decomposition. It is essential that

subsystems with relatively strong interactions among them be

studied and developed together. In particular, systems that have

rich interactions with a physical environment should be developed,

to the extent possible, in the context of experiments within that

13



environment. Also, it is essential to have a clear view of a task

(or a family of tasks) during system development. Different

specific tasks and different environments may require completely

different system configurations (as work on problem solving, or on

control systems has shown us). These issues are relevant to the

way in which research on systems can be managed.

Let me comment next on specific parts of the program:

VISION

Goal: To develop a system for controlling the motion of a land

vehicle on basis of visual information about its environment (as

well as information from other sensors).

The main technical problem is to perform vision in motion so

that the information extracted from the environment, and '

assimilated in the system, is adequate to control the motion in (
accordance with desired task goals.

The main parameters of the problem are:

a. nature and complexity of the succession of scenes

encountered

b. nature of terrain and obstacles; avoidance maneuvers S

needed

c. time constraints; speed desired

d. dynamic characteristics of vehicle

e. structure of goals of the navigation task

The technical subproblems include: feature extraction,

identification; internal representation of scences appropriate to

task; tracking of objects in visual environment; choice of

grain/resolution, focus; obstacle handling; path planning, plan

14
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modification during execution, handling hierarchies of goals;

real-time requirements on computer implementation, reliability

requirements; development of design environments and of

experimental methodology; technology transfer methods from

experimental system to engineering prototype.

Current approach: CMU is the main contractor responsible for

developing an entire system. Several other (contributing)

contractors are concentrating on design issues, subsystem develop-

ment, and exploration of new ccmputee implementations--all

relevant to the task. The intention has been that methods and

subsystems developed by the contributing contractors should be

*integrated" in the CMU project, and should eventually lead to a

more advanced version of a system. Furthermore, the systems

developed at CMU are to be Otransferred" to engineering/

engineering/demonstration prototypes that are being built and

tested as part of the EAO effort in SC.

The contributing projects can be clustered as follows:

a. studies of relevant visual environments needed to design

representations and analysis/interpretation algorithms

(SRI, AI&DS-Stanford)

b. approaches to dynamic image handling (UMass, USC,

Columbia)

c. obstacle handling; spatial reasoning (Hughes, Honeywell,

GE)

d. front-level vision and MP implementation (Rochester)

e. advanced vision architectures; parallel algorithms

(UMass, MIT).

15



A suggested change in concept--with implications on the approach:

Since the main goal is to develop/explore a system, priority

should be given to the development of an entire system by a

contractor--vision subsystems, path planning and control of

motion, computer implementation, design methodology and technical

approach to system transfer. CMU is already doing this. To the

extent possible, the collaborating contracts should collaborate

with CMU on the CMU system. Some of the contractors (especially

those with strong independent views/approaches) should be

encouraged to work toward the development of entire new systems.

The systems are to be distinguished by the choice of technical

parameters of the task. Two or three systems, each addressed to a

different task may be appropriate. Such an approach places full

responsibility for attaining system performance on a single PI.

Of course, task goal and technical parameters of new systems are

to be agreed/negotiated with DARPA.

Technical issues to be addressed in future work: Feedback by

state of motion on components of the visual system; goal-directed

control of focus and resolution; more work on spatial reasoning;

increased work on hierarchical planning and plan execution; MP

implementations; methodology and software tools for system

transfer to other environments.

Relation to EAO-supported work on ALV: I understand that the

goals here are (1) to develop a system, largely with state-

of-the-art approaches to vision and control, that will reach a

certain desired performance (defined in terms of terraln features

and speed) within a given time schedule, (2) to facilitate spread

16

0



of technology know-how to industry, so that transfer of a demon-

stration prototype to engineering models (and production) can be

achieved effectively, and (3) to establish and maintain working

liaison with the services with the goal of adapting and using ALV

technology in military -Applications.

Transfer of work by IPTO contractors to the ALV project can

take place via transfer of specific designs and methods, and also

via transfer of entire software (sub)systems. It should be a

specific goal of system development within the IPTO program to

develop mechanisms for transfering a design from one environment

to another.- Special workshops and conventional

publications/conferences are other important means of transfer.

NATURAL LANGUAGE PROCESSING

Goal: To develop systems for interaction in natural language with

a Database, or with a specialized Expert System--in the context

of Battle Management tasks.

Technical Problems: (1) Intelligent query processing--modeling

the user, linguistic interpretation issues in specialized

communication modes, language generation, adaptation of

characteristics of a NL processing approach to a task

(question-answering, asking for advice from an Expert System).

(2) Acquisition of knowledge presented in NL text--linguistic

issues, using knowledge about the domain of discourse for

interpretation, development of internal representatives.

Current Approach: BBN is the prime contractor for the development

of a NL query processing system. Contributing contractors are

ISI, UMass (language generation, explanation) and Penn (model of

17



user). NYU is the prime contractor for the development of a NL

text understanding system. They are collaborating with SDC on

grammatical issues and on the use of domain knowledge in the

interpretation process. SRI is a collaborating contractor working

on issues of commonsense reasoning and pragmatics. An effort is

being made to integrate these efforts and to formulate a transfer

plan to Battle Management applications.

A suggested change in aporoach and emphasis: Put emphasis in

development of entire systems. Work 'simultaneously on an NL

component and a specific question-answering or reasoning system

that users wish to communicate with. Be specific about the set of

tasks for which the system with a NL interface is being built--

not only the domain of discourse. In the case of work on the

query processing system, develop a realistic experimental

environment. The collaborating contractors should work closely

with the two prime contractors in system development. The only

reasonable integration that I see in this area is via support with

concepts and methods that can be used in system design.

Future Work: Possiblr combination into a single system of

acquisition/storage of knowledge communcicated by NL text and

interactive query processing. Develop ways of using graphic

information together with NL. Work on planning and control tasks

that are relevant to Battle Management. Parallel algorithms

should be explored.

More support is needed in this area.

18
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ARCHITECTURES

Work in this area is mainline Computer Science. Research is

still needed on hardware systems, multiprocessing systems,

software and algorithms for parallel systems, and identifications

of tasks for which MP architectures are especially appropriate.

Much of the work to date has been hardware-technology driven

(VLSI and networking techniques).

Much more work is needed on software, algorithms, design

principles, and experimentation with various tasks.

Conceptual work (taxonomies, models of computation) is

needed--before embarking on detailed programs of

evaluation/benchmarking.

Efforts should be made to develop sufficient software in each

case in order to experiment with computations in the following

areas:

a. vision: first, low level; then scene interpretation

b. speech: signal processing and then higher level processes

c. implementation of rule systems used in Al

d. NL processing

e. reasoning in Al with heavy use of knowledge bases.

Simulation facilities are useful--not only to test specific

designs, but also to encourage the development of frameworks for

representing designs and for manipulating them.

Future work is needed on very high level 'compiling

techniques* for going from a specification of a computational task 0

into a suggested architecture. This is related to other automatic

design tasks in Al. Also techniques are needed for automatic task

transfer between different architectures.

19



BRIEF COMMENTS ON EXPERT SYSTEMS:

The designation Expert Systems is too narrow. This effort

should cover a variety of knowledge-intensive problem solving

systems.

Current thrusts of the program are on:

a. expert system framework/shells

b. knowledge acquisition techniques

c. techniques of reasoning under uncertainty

d. explanation.

More work is needed on handling specifically time and space,

on hierarchical systems that combine quantitative and qualitative

reasoning, on systems for planning, and on environments for system

improvement and refinement.

While *shells* and Knowledge Representation languages are

important, an effort is needed to develop methods for guiding the

choice of specific Problem Solving system architectures in 0

response to various classes of tasks/problems.

The system developments in this program should be made in the

context of specific problems relevant to the ALV, BM and PA 0

project areas. This is essential not only for testing the

systems, but also to identify possible system features needed to

handle these problems.
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D. Meeting on "Low-Dimensional, Quantum-Well Structures," a

Technical Interchange meeting aeld at DARPA 2-3 :ctooer "995

This meeting brought U.K. and U.S. scientists together with

DARPA and service representatives to discuss developments in

quantum-well structures, particularly how the U.K. program in this

area might interface with DARPA's intere3ts.

Professor J. L. Beeby of the University of Leicester

summarized the U.K. program sponsored by the Science and

Engineering Research Council (SERC), in both one- and

two-dimensional structures. The materials considered are mainly

the III-V, II-VI. The program started in 1984 and is funded at a

level of t6 M/year for 5 years. Dr. Beeby's remarks are

summarized below. (An overview of the program is given in the La

Jolla Institute Report LJI-R-84-286.) D. Chemla cf AT&T Bell

Laboratories reported on work in collaboration with D. Miller on

the 'Physics and Application to Optoelectronics of Room

Temperatures Excitoric Resonance in Quantum Well Structures.'

Dr. M. Pepper of the Cavendish Laboratory discussed his recent

work on 'Transport in Narrow and Short GaAs FET Structures" (Dr.

Pepper is a co-author with K. van Klitzing of the paper reporting

the discovery of the quantized Hall effect for which the latter

6 was awarded the 1985 Nobel prize in Physics); his paper is

summarized below. Dr. G.A.C. Jones of Cambridge University

discussed "Advances in Electron and Ion-Beam Fabrication

Techniques for Low-Dimensional Structures" and Dr. D. Anderson of

the Royal Signals and Radar Establishment (RSRE) discussed their

programs and fabrication methods. Dr. L. Esaki (Nobel Laureate

in Physics) discussed the IBM research in two-dimensional
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structures while Professor D. Tsui of Princeton University gave a

theoretical presentation on "Size Effects on Two-Dimensional

Transport." (Dr. Tsui is known for his work, following Klitzing,

on the fractional quantized Hall effect which is intimately

related to the reduced dimensionality). Dr. Beaumont of Glasgow

University outlined his qroup's fabrication techniques in

achieving "nano-lithography" on the scale of 10 nm (100 A or

10-2 1m). He speculated that this could bring him in the range of

electronically-simulating neural networks. Professor S. D.

Smith's work at Heriot-Watt University on optical computing was

summarized by Professor Stradling; this work is considered to be

4 the most advanced in Europe in this subject. Professor Smith's

comments are given below; due to his viewgraphs not being

available, we also give a copy of a review article which covers

many of the same topics. A very interesting presentation was

given by Professor R. L. Byer of Stanford University outlining his

ideas relating to the study and production of synthetic nonlinear

materials; his slides are reproduced below. (

The U.K. group is preparing white-papers" in this area

for consideration. However, a more intensive follow-through

Ieffort will be needed before a program start could be initiated.
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UK PROGRAM

Professor J. L. Beeby
(LDS Coordinator, Science & Engineering Research Council)

University of Leicester

Introduction

The Science and Engineering Research Council's (SERC)

programme on Low Dimensional Structures (LDS) has three main

general aims:

1. to study an exciting new area of science

2. to underpin the U.K. semiconductor industry

3. to provide needed trained manpower.

The need for an initiative in LDS was first formally noted at

a meeting of the Semiconductor and Surface Science subcommittee in

September 1982. By November 1983 a report had been prepared on

behalf of the Physics committee proposing a programme costing

about 130M over five years. This was subsequently supported, but

no funds allocated, by the Science Board and the Council. The

first major grants were approved in June 1984 and a firm funding

line agreed in October 1985.

The Programme

The LDS programme was to build on background facilities

already established by the Engineering Board of SERC which

included, for example:

MBE: Glasgow, UMIST, City of London

Si fabrication: Edinburgh, Southampton

e--beam lithography: Rutherford Laboratory

MOCVD, LPE: Sheffield
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The proposal suggested that three new growth systems should be

established in each of the first three years of the programme and

that they should be in, or in close proximity to, the department

undertaking the research, which would be mainly physics. It was

thought that a single growth system would be able to support an

average of four research projects at any one time.

The LDS community thus established was estimated to number

about 60 academics, 60 research associates, 30 technicians, and

30 research students by 1988. In practice it is already much

larger. The materials systems were expected to include III-V's,

GaInAs Al PSb, II-VI's, both wide and narrow gaps, IV's, SiGe

alloys and dopants, and also metals and insulators in

conjunction with semiconductors. The structures of interest

included both two dimensions and one dimension.

Management

The management of the programme will be by SERC with funds

allocated by *peer group" committees. General policy advice will

come from a Programme Advisory Group consisting of industrialists,

government representatives (defence and trade) and scientists and

engineers. The overall direction will be in the hands of a

coordinator who will also be responsible for international

cooperation.
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EXPERIMENTAL SEMICONDUCTOR PHYSICS AT CAVENDISH LABORATORY:
TRANSPORT IN NARROW AND SHORT GaAs FET STRUCTURES

Dr. M. Pepper
Cavendish Laboratory

We have fabricated GaAs-AlGaAs modulation doped hetero-

junction FETS where two types of gate were used. The first was

-800A long, whereas the second was 15 um length with a -1 um gap

in the centre.

The first type of device showed very interesting current-

voltage characteristics when the channel under the gate was

@ depleted. The current, I, varied with voltage, V, as V2 indicat-

ing space charge limited behaviour. This was expected as rough

calculations indicated that the injected charge density was

greater than the intrinsic charge density.

The differential of the current was investigated as a

function of source-drain voltage and structure was found when this

voltage corresponded to the optical phonon energy. This showed

that some electrons were travelling across the channel picking up

the applied voltage and then emitting an optical phonon when the

acquired energy corresponded to the threshold for this process.

In the second device the action of the gate was used to

squeeze the conducting channel. The conductivity of magneto-

conductivity were measured as a function of temperature below

4.2*K. It was found that both quantum interference and electron

interaction effects were present. Analysis of the negative

magneto-resistance showed that the mechanism of phase .celaxation

was by the scattering of electrons from electromagnetic fluctua-

tions arising from fluctuations in charge distribution. The
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temperature dependence showed that electron interaction effects

were present and all corrections were one dimensional. This was

not surprising as the analysis showed that the width of the

channel was 500A, sufficiently small that one-dimensional

behaviour is expected.

Results were presented on the transition to hopping behaviour

as the carrier concentration was reduced.

2
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HERIOT-WATT PROGRAMME IN NONLINEAR OPTICS AND OPTICAL COMPUTING

S. Desmond Smith
Department of Physics
Heriot-Watt University

(presented by Professor A. Stradling?

Professor Smith sezds his apologies for being unable to

attend this meeting and has asked me to read this statement of the

interest at Heriot-Watt University in current advances in

C multiple-quantum-well naterial fabrication and properties.

4

As you may know, the major semiconductor research programme

at Heriot-Watt concerns the understanding and development of

optically-bistable and "transphasor' devices, whose range of

applications includes the currently very exciting area of optical

computing.

Following research and development during the 1960s on the

so-called Spin-Flip Raman laser--for a tunable infrared laser

source-concern with the transmission of CO laser radiation at

5.5 um wavelength, through indium antimonide, lead to the

reduction of the giant nonlinear refraction of this material at

c-, frequencies just below the fundamental bandgap.
a0

Dr. Chemla's present co-worker--David Miller, then working at
Heriot-Watt--measured nonlinear refractive coefficients of up to

10- 3 cm2 /Watt, this being some eight or nine orders of magnitude

greater than the Kerr-medium nonlinearity of CS2 which is used

effectively as a standard.

1. The resonance enhancement of the InSb coefficient near

the band edge is shown in this overhead. Note
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particularly that the high n2 is achievable in a spectral

region where the semiconductor linear absorption

coefficient is less than 100 per centimetre of material.

This combination of properties made this small-gap

semiconductor particularly suitable for Fabry-Perot

optical bistability and indeed the first demonstration of

this phenomenon with continuous wave lasers as made in

Edinburgh during 1979.

2. Here we show the major range of transmission and reflec-

tion characteristics achievable with nonlinear Fabry-

Perot etalons. The possibility of either hysteretic

(optically-bistable) or nonhysteretic (transphasor)

responses is allowed by the initial detuning, of a Fabry-.

Perot resonance of the semiconductor cavity, with respect

to the operational laser wavelength. (See Figure 1

(Reprint below)].

3. The overhead shows such detuning being varied by

adjusting the orientation of the sample with request to

the laser beam. Note the power level required for

switching--of the order of 10 mW for a laser spot size

around 50 Pm.

The variety of response characteristics means that one

has here in principle both the optical switches and the

optical logic gates that would be required as components

of an optical digital computing device as well as optical

28
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amplification and power stabilisation analogue

performance regions.

4. We have been successful during the past five years in

demonstrating the range of logic gates, of switching the

transmission of the cw CO holding beam with a number of

sources including 35 psec YAG pulses, modulated He-Ne and

diode laser beams, and incoherent camera flashes. [See

Figure 3 (Reprint below)].

We have also performed the optical equivalent of Jack

Kilby's 1958 experiment at Texas Instruments in that we

have operated with two independently switchable pixels on

a single InSb slice, and have used the switched output

from one to cause the switching of the second.

Whilst InSb has a dramatically high nonlinearity there S

are disadvantages regarding the device application of the

InSb/CO system. Firstly, the necessity of cryogenics--we

operate a liquid nitrogen temperatures. Room temperature

operation at 5.5 Pm is precluded because the InSb bandgap

falls to 7 um at 300*K. The free carrier intrinsic

absorption is likely to prohibit low power cw operation.

We have in fact observed pulsed, 10.6 um bistability at

room temperature in InSb. Secondly, use of infrared

radiation makes initial development of optically coupled

circuits more awkward than would a visible system. More

importantly though, the spot-size diffraction limits at

longer wavelength reduce the potential packing-density

29
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for the arrays of switches or gates that are being

envisaged.
6

Thirdly, we have shown the carrier diffusion length in

our devices to be some 60 um, and computational studies

indicate that switching cross-talk is significantly

affected by the diffusion at up to five times the

diffusion length--for linear arrays of pixels.

Given sufficient commitment these disadvantages might

well be reducible to an acceptable level. Perhaps more

significant at the moment, however, is the difficulty in

acquiring large area (say 1 cm square) samples of

accurate spectral and spatial uniformity and high surface

parallelism.

5. As an alternative strategy we are currently also

investigating the use of Fabry-Perot-like dielectric

multilayer interference filters. Similar response

characteristics are achieved as in the tnSb case as shown

on this overhead. Now, however, we have cw Argon-ion

holding beams in the visible (514 nm green), room

temperature operation, and the back-up of a developed

technology for fabricating large uniform plates. Once

again note that cw holding beam levels of around 10 mW

are required for 50 um spots. There is, however, one

significant difference between the two Jevices. InSb

operated, using a nonlinearity of electronic brigin and (

with a characteristic time scale of 100 nsec: the
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filters operate using the thermal nonlinear refraction of

the central (ZnSe) spacer region, with thermal timescales

typically around tens of microseconds.

In either case, for switching arrays one almost certainly

requires holding power levels at least two orders of

magnitude smaller than quoted above. To achieve this one

needs firstly material optimisation for higher nonlinear

coefficients, secondly optimisation of the sample struc-

ture, and thirdly reduction of the radiation spot-size.

Thus, for example, switching powers down to around 2 mW

have been achieved at spot-sizes of 20 um and both theory

and experiment predict continued reduction down to

diffraction limited regimes. Sample pixellation--with

free-carrier or thermal isolation--is also required in

this limit, as is a uniformity pixel-to-pixel, on this

spatial scale, over the complete sample.

Sample structure optimisation is unlikely to produce

dramatic improvements in bistability power levels. How-

ever, thin films of materials such as InSb, or containing

InSb, surrounded by suitable high-reflectivity coatings

could improve the situation for electronic-nonlinearity

based devices. And, surprisingly, relatively thick (per-

haps 10 um) accurately flat and reproducible layers in

thermal devices are predicted to give lower power non-

linear responses that the submicron spacers used at

present. Vacuum thermal deposition techniques restrict
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the acquisition of thicker spacers of good uniformity.

Turning to the nonlinearity itself--in particular to

electronic nonlinearity--this is the area in which MOW

materials have been mooted as being of most significance.

It is not yet clear that the isolation of the excitons

from the GaAs bandgap, by using MOM structures, does

indeed give the anticipated improvement in room tempera-

ture all-optical bistability conditions. The point has

recently been discussed by Ovadia and co-workers from

Hyatt Gibbs' group. In principle, however, the presence

of-a small absorption in the tail of a spectral region of

high joint-density of optically-coupled states and high

oscillator strength is required for strong nonlinear

refraction.

6. The basic physical process for electronic nonlinearity is

shown in this overhead. Given a two-level system, this

shows a homogeneously-broadened absorption and the

saturation of this absorption at high pumping conditions.

By causality the two-level dispersion, shown here, also

saturates so that at frequencies below the transition

frequency there is a reduction of the refractive index.
0

For bulk semiconductor systems, carrier generation at a

frequency in the tail of the band again causes a partial

saturation of the interband absorption--as could be

probed at low irradiance over a range of frequencies--and 0

again n is reduced in the band gap region. The
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simultaneous creation of valence holes complicates the

situation but does not qualitatively alter it.

7. Here we show the scaling of the nonlinear index at high

temperatures (valid at 77K in InSb). Note the I/E 3

factor. Narrow gap materials are strongly favoured for

high n2 and as a consequence for low irradiance

bistability. This parameter Ic characterises the

switching irradiance. These formulae apply in the case

that the carrier recombination is trap dominated rather

than dominated by radiative recombination or Auger

transitions. T1 is the recombination lifetime. The

frequency factor J contains the band-gap enhancement and

of dependence on the cavity structure.

Overhead 1 is shown again here to demonstrate the fit of

the theory and experiment using this formula.

8. Here the n2 is modeled for both bulk material and for the

quantum well step (ignoring excitonic effects). For the

same linear band tail absorption and same T1 one would

achieve similar coefficients in the two cases. It is

appropriate therefore to ask what tailoring of the

carrier recombination time is achievable in MOM

structures.

Could one either reduce the switching power by increasing

Tl (at the expense of switching rates) or alternatively

33



improve the switching time and carrier diffusion lengths

by reducing T1 ?

9. Here a variety of band edges are schemed. In practice

the near-gap joint-density of states in small gap

semiconductors is actually low, because the effective

mass of the conduction band is small. However, the

interband oscillator strength is high (proportional to

Eg-1 ) and is dominant in creating the strong

nonlinearity. An apparently sharper edge is certainly

acquired either in the presence of excitons or of

step-like two-dimensional sub-bands or of one-dimensional

London sub-bands. However, the near edge feature must

contain sufficient total oscillator strength if it is not

to become saturated at irradiance levels below that

required for bistability, and if advantage of the feature

is to be taken.

In Summary

It may prove that the advantage of MQM materials lies not in

the edge features but in the fact that the position of the edge

can be tailored to match available high power cw (or 'perhaps

pulsed) laser sources. In this context we would currently be

particularly interested in materials of high uniformity and 5.5 um

edges at either 770K or room temperature, and in materials with

near-514 nm edges at room temperature.
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We are also interested in the fabrication techniques used for

M'QM materials, as applied to the production of very high quality

*thin" and Uthickn films of single crystal materials-films of

thickness varying from perhaps 100 nm up to 50 nm.
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Lasers, nonlinear optics and optical computers
S. D. Smith

Deparnent of Physics. Henot-Want University, Edinburgh EH14A AS. UK

Devices whose optical properties change with light intensity have opened the path towards the optical
computer. Optical switches and signals can now undertake all binary logic operations and complete

* optical digital circuits have been constructed.

FROM the earliest days of the laser, the large intensities available driving at least the next in the series so that a circuit containing
in laser beams permitted in-adiances of the order of MW cm-2 multiple elements can be constructed.) These considertuonts
incident on material by simple focusing. With such fluxes the appear to be applicable to all systems of signal processing and
amplitude of the oscillating; electric field E. readily becomes computing.
comparable to interatomic fields such thad the optical properties The response of semiconductor ruicro-cew mnics to the high
of the medium vary with the passage of the wave. The polarl- dams rate requirements of digital signal processing and comput-
ation. P, induced by the radiation in the simplest case i of a ing has beeno to increase switching speeds and further miniaturize
single monochromatic wave propagating through a crystal of components in the form of very large-scale integraton (VLSI).
high symmetry) his the form Transistors made from gallium arsenide have been reported with

effective switching times as fast as 12 ps. However. this will not
PX" 1X' 12 +X 1 1 E'necessarily solve the problem of coping with high data rate as

The susceptibilities X"tX V(", X ... are related to the Optical the processing time in conventional computers is many times
properties of the medium: as examples. the linear optical proper- the logic switching tinse because of the necesity of transferrng
ties are related to x'" the second harmonic generation is deter- informationt to the next part of the circuit. This involves capaci-
mined by the magnitude of X'2) and the intensity dependence tance time oonstant limits as pointed out, tar example, in ref.
of the riefractive index is related to X(31. The science of aonlinear 3 7VLSI does no solve the time-constant problem because. as
optics developed with the observation of second harmonic gen. t length of&a wire shrinks by a factor a and the cross-,sectional
mration by Franken er aL' in l%l and the theoretical prediction a of the wire is reduced by a factor a-, the capacitance C

0of&a series of nonlinear effects by Bloemberge. a and co-workers. lie wire decreases by this factor a while the resistance R
The large powers required in the early work made it seem r. eame by the same amount. Thus. the time constant RC

unlikely that digital optical computing, using optical circuitry remains the same and the input charging time remains unaltered
with nonlinear optical circuit elements, would eme be practical, independent of scaling.
It was nearly 20 years before the experimental discovery that a Turnsing to the computer as a whole, the standard method of
30-mW continuous wave (CW) laser beam could be significantly communication in use today connects the logic unit with the
selftdefocused in a narrw gap semiconductor produced the memory through an address device. This reduces the number
surprising conclusion that third order nonlinearities (XI"1) could of interconnections but can only address one storage element
have a value of the order of 10' times larger than the non- at a time. This widely used scheme was first suggested by von
liriearities evisaged by Franken and Dloemberge'". Neumann but. rather than being givern credit tor this most

To understand the significance of this giant nonlinearity to a practical innovation, he is now ratther undeservedly blamed for
possible future of optical computing. consider the physics of this so-called -von Neumann bottleneck-, The timing problem%
computation (see ref. 3). Information is essentially stored as associated with circulating logic signals around a one-
energy and switching a device from flgi 0 level to logic I level dimensional processor of this type (*clock skew') combine to
requires a definite switching energy. This energy must be grester indicate that future problems in digital computers are likely to
than the thermal energy of the device kT (and wilt usually be be those of communication. This-eay apply at all levels (archi-
several hundred times kT) and scales as the size of the device. tectural. bus and chip) and stems from the use of time multiplex
There will usually also be a trade-off betweens speed and power. to compensate for the inability of electrical methods to com-
A further absolute requirement for electronic or optical logic is municatsmy chaiiels of information in parallel.
the necessity of restoring a logic level after each switching action
so thai errors resulting from imperfect devices and signals do Digital optics
not accumsulate. Restoring logic must have power gain and this Present practice has seen the invasion of electronically based
.power is normally drawn from a power supply independent of communicaition by optical methods through the use of optical
the signal channel. tThe requirement of power gain is obviously fibres in long-range telephone lines. The higher carrier frequency
necessary, that is. one switching device must be capable of used gives potentially higher bandwidth, although electronic
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limitations ona modulation techniques have restricted our ability A
to exploit this greater information carrying capacity fully. Cur-
rently, long-range transmission made possible by low signal
attenuation has been used. The use of optics for processing
information has so far been handicapped by the absence of

technologies; these include image proessial and reeognition.
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thie nonlieity esute bd ro a s expeaio etal ofd ththoi e asnrp relasexpnationsi cuea ha en gciven yMl ra in

on.Such a devce, talthiogh uin onlyce thins ofe ower, ntnif geert aneuiirimnubrfelciosSb

was relatively large (cientimetres ie length) and relatively slow a.--Id u)(3)
trmilliseconds) compared with electronic circuit components. ia _,ho.9 (Ae
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A ___________the rate of approach to resonance depends on the change in

c optical thickness which itself depends on the magnitude oft he
internal field. The rate of approach to resonance thus speedsK r up. This can be readily expressed through the expression

E 3-d(.%A) /T.d \
z : ~ ~ T(A)/IL-- 1-L(6

d], /2nL 'dA/
0 Figure I d shows a plot of the rate of approach to resonance as

a function of either incident intensity 1, (or as a function of
time if we assume alinear ramp of 1, aganst time: Fig. I e). As
I, increases, d T/dA also varies, the denominator of equation

23% ------- (6) tends to zero and the rut of approach to resonance becomes
infinite. leadling to rapid switching. T"ha gives a physical feel
tor the dynamics of the switching process and leads to optical
bistability (Fig. 1c), that it, two values of the transmission for

A one of the intensity. Two feature ame noteworthy: (1) a Large
value of finesse (ratiocof spacing to half-width of the transimission

C peaks) makes it easier to obtain bistability: and (2) the form of
Ps ~the characteristic (output versus input) changes with the itisl

ficideil oweir (MW! conditions. that is, it depends on A.
Such a set of charaicteristics is illustrated in Fig. 2. giving a

ftg.2 A. Exiperimental observations of.a faily ofchrcesocs set of experimental results for nonlinear interference filters
of an interference lWe bistble device illumtiated by the anon incorporating ZnSe films as the active layers (curves a-c). Thus.
ion laiser linei of wavelength 514 sn. obtained by changing the b ipecag fiiilcniin hl aiyo piaiital detutung frm resonance of the ousion. The family of byO deie chane on lconiinedwoefmlyo.pia
e-c shows the charactenistics obtained for diffetru values of the dvCScnb rdcd
int"a dtunung parameter AA so by the anie of incice. If theofm tfr

* betel condition as dose to Mostmnce, powe ccnitinnng scoont is FpIO@s.sdecs
obtained (a) a the trusattce con only fall as intensity riss. An analysis of the factors concerned in the desigi of'such optical
As %~A is increaaed. curve 4 begins to built showing a greater cici elements has been given by Miller'-. who shows that the
change in output than for as incremental change in inputt. and quantity which gives a figur of merit (in terms of nonlinear
thus exshibiig difteres"a pin. This is responsible for optical Fabry-Pieroit cavity optical switching in the presence of linear
triunsisitor or tsampliasor siton. Further incems of aA loadst to boptnaisi/AtThsdernstelwstctclvlu
btasote loops of varying width (cf. A Experimenctl observauioa abopin s 2A.Tiseernsthlwstriclvle

V- of optical bistabulity in the intefemce filter illnuted by light of input irradiance 1, for a device of given size to obtain bistable
I of wavelength 522 na. The stability of the systemn as sudicient to switching or nonlinear chariacteristic.

isalow operaton to within -4% of the power required to swich.-

where *( he') is the interbauid absorption coeifficient at photon 42-laL 7
energy A,'. %ith nA r we can obtain an anayical The result is physically sensible as the switching power will be
expression for n-~ This calculation gives a good description of lower for a Larger nonlinearity abs the shorter the wavelength

C the resonant refriatve nonlinearity in InSb, InAs and CdHgTe. the smaller will be the refractive change required to effect a
change from constructnve to destructive interference (that is,

Device physics AOnL)-A /2) and for a asaler absoirption (ass.umted linear in
The simplest configuration which provides optical feedbaCk is this analysis) the longer the device may be for a given loss. The
a simple Fabry-Perotc ation containing a nonlinear refractive function f Optimizes Cavity properties. Values of 42 -
materal (Fig. 1a). Its optical thickness is given by 0.1 cm- kW' and a - 10 cmn' give useful devices of thickness

() (L) 50-200 urn, bearing in mind that aracuonal change An/n -
C uL(ae~,ZJL(4) 103is usually required.

(whbere L is the thickness of the moeial) and this changes with To obtain favourable values for umJA, we make particular
the internal intensity I, Consider now the transmission of such use of effects; resonant with the energy gap EG in semiconducting
an interferomester as a function of wavelength (Fig. 14b): if we mattertals. For eleemrnic nonfinearities it an be shown that
start in an initial condition where the illuminating Laser - I EG' odt. 1. - I/IA' In addition, the considerations made
wavelength is downed from maximum trinamissiosi by a earlier suggest that the smallest possible devices should be
wavelength increment &A (Fil. lb). we see from Fig. Ic that onestructed. Diffraction limits suggest that the area Limit will0
the relattion between output and input would give rise to. in the be - (A /n)2 and thus, although the nonlinearity is clearly large
cuse of a linear device, a anight line of low slope: if the device at longer wavelengths for small gap materials, the interference
were tuned to resonance and there were no absorption loss, =enditions and device size favour shorter wavelengths. Analysis
output would be related to input by a line at 45'. If we now of the detail of the frequency dependenc of the nonlineazry,
increase the intensity from the initial condition, the nonlinear together itch the attendant unwanted losses, has not so far
resonator tends towards resonance as its optical thickness indicated an optimum wavelength.
changes with intensity. This gives rme to a nonlinear relation Semiconducting compounds have shown promising results:
between output and input: however, as we approach resonance. lnSb with a typical working wavelength (3.5 uam) corresponding0
the internal field arclang within the mesonator itself builds to 1,120ocn-1 is one materiial for which there are su~cient
uap according to available lase frequencies to undertake a detailed examination

1. -1, (A)r+ x o R)(5) of the frequency and hence resonant behaviour of n, and a near
l.-IT(A)r+R)(l-Rthe band gap'-".

where I, is the inidont intniy. n(A) is the transmission as a GaMs has also beens investigiedis" but differs by having a
function of wavelength (as in Fg. IRb) and R is the (constant) stong&exciton feature netarthe absorption edge. The nonlinearity
roecteivity of the resonator minrrs. Thus, at resonance the is, - 101 kW" is quite practicable for devices, but the
internal intensity is at its maximum whore T - I and is amplified absorption coefficient in epiraxially grown material is so far

* by the term (I +RV(I- R). This gvesse to positive feedback. giving values of a - lIWcm -' Thus, thicknesses; are restricted
As resonance is approached. the internal field builds up and to a few inicrometre and thermal stability poses a problem.
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Both the above materials show negative values of n, caused by
electronic effects. Carrier lifetimes are in the range of tens to 3
hundreds of nanoseconds. The nonlinearities can be 'switched

on ore qui'*ly than this time interval by rapidly introducing II __ _ _

carriers with relatively intentse pulses. The relative figures of
merit between GaAs and luSh favour InSb by a factor of W. I

which half given laSb the advantage of steadysatoprtn "a
but the disadvantage of a low operating temperature or 77 x.
whereas GaAs has operated at room temperature and at shorter
wavelengths. So far theme ane no reports of true steady-state -20 Halon OovW 30

operation tar GaAs material. Other materials, which have been V.i.osnt Dower (mwi

used in purely optical switching devices, ame reported in ref. 5.-b
There is a second useful form of nonlinearity involving ther-

meal shift of the band edge resulting from temperature rise of -5

the bulk of the nonlinear material. Thbis effect also resonates 1'
with the band edge and is associaste with moderate values of O

effective n~(Hd)(Lw)where 1. 1' introduce 1

dimensions of film and substrate thickness and it, is the thermal
conductivity of the substrate. Interference thin film structure W. L
using ZnSe (ref. 16) have given promising results for refractive MA e
switching, and bulk ZnSe, CdS and GaAs also show 'optical puse interrUDI

bistability by increasing absorption' where the thermal shift CO twrn

introduces the required feedbacks. Y'1% 3 4 Tmnsmtisioacharaceristic fanlaSh eanilliaminazed
by a steady-state carbon monoxide laser Operaingl at a wavelen&t
or S im. The lase power is constat aI a level slightly below thtaa

Requremnts or ptial cmpuingrequired to switch, h. The change in t'swissuOa induced by' the

Since out proposition is to undertake logic operation by means absorption ori 3s pslog pulses from a Nd: YAG laser 11.06 ,in

of these optical circuit elements. we can define some of the and total energy' S at.

requirements if they ame to be put together in the form of optical this way with the holding beam adjusted in intensity to be just
circuits to construct an optical computer. Requirements are as short of the switch point, the device May be externally addressed.
follos:s (1) High contrast. A logic device needs to show a lange Figure 3b shows the results obtained using a single 35-ps long
change between logic 0 and logic I levels. (2) Steady-state bias, pulse a( 5 nJ energy froin a Nd: YAG laser. The arrival of the
To make various different logic gates it is necessary to alter single pulse is sufficienit to triger the switching and the device
controllably optical bias levels. In terms of optical bistability mun in the 'On' state. InterrPting the holding beam returns
this means that the device can be 'held' indefinitely at any point the switch to the 'ofr state. and as can be seen the logic levels
on the characteristic with a CW lase beamk-the 'holding Am extremely Stable. The device was further developed to show(
beam- and implies a degree of thermal stability. Devices based explicit AND gate operation by dividing the switching pulse
anlInSb at 77KXand on ZnSe at 300KXhave been the fit to with a beam splitter and observingcht the switching en~
show this behaviour. (3) External address. For logic functions was quite definite so that the device could be set to switch onlgy
it is dlearly necessary thlat separate external signal beams can when both pulses were incident (in addition to the steady-state
be combined with the holding beam to switch the device. The holding beam) and would not Switch With a single pulse. The
switching energy in fact is derived from the holding neain and device is threfore acting as an AND gate and an optical
this switched beam propagates in tramission or refiection as memory,
the output beam to the next devices in an optical oriv (4) We may deduce tham sufficient free carrets were induced near
The elements must be ascadable. This means thast the output the surface of the laSh resonator to cause suffcient change in
ofone dervice muse be sufficient to switch at leas one succeding Optical thickness to initiate, switching within -'3 pa. W. Kaier
deviee. The ability to set a CW holding beam near to switch (persotnal Communication) hast shown recently that this non-.
point in fact fulfils this condition because the extra incremnent linearity an be switched 'on' in <c7 ps. Therefore, the probable
is then small compared with the change in output even in the switching time is limited Only by the macoscopic effect of
presence of lows As echb dervice has its own 'power supply' internal field build-up within the resonator. Thsis depends only
(that ist.bolding beam), logic levels an restored. (5) Fan-out on the round-trip time for the 210.wmj thick etaon and amounts
and fan-in. The probable advantages of parallel processing in to -8 Pa. We may iner that picosecond timescale optical logic
optical devices emphasize the ability that one device can drive hast been demonstrated.
many succeeding devices, probably osin free space propagation

fraddress, The summed effect of several elements can readily First digital optical circuits
be focused on one device to achieve fan-in. (6) High gain. Item With CW steady-state hold, an InSbs logic device can be switched
(4) and (S)demand that the elemenitsshow avalueof differetil with intcremnental1 power as little as 3 I&W (Fit. 3). Thus, the
gain ratio of change in output to change in input of >1. (7) Output change of the device operating in reflection (Fig. 4),
Arrays. The technology shal ideally be such that two- -4 MW. should be sufficient to s-witch a Succeeding device. A
dimensional arrays ate easily constructed. (3) Power and speed. Am exement Usig tw opia ths A and B. is illutrted
Low power per device is a necessity and this should Preferably in Fig. 4. This first example ofran or .ical logic circuit is equivalent
be of theorder of miiwasor less -.this is aded byfbianig to an XNOR gate.
small-am devices. Speed and power will be interchangeable T1hin-Ai1m interference stuctures comprising alternate laYer
but speed itself will very with use: tar parallel arrays, icr'- of high- and low-index material deposited on a fatA substrate
seconds will sultie and for one-dimensional circuitSss- sc sfotgasa ovnq a fcntutn

nanoecon orpicoseo swtchig tmes re esiabe resonator equivalent to the devices described earlier. If sufficient
nonlinearity can be induced in the very thin interference avers

Experimental remis the technology has many advantages, particularly that very

Figure 3& shows an early result for an laSh resonator operatin.; uniform devices covering many square cenumeuw can be easily
in tnmiussion- The critical switching power is 20-25 mW made. Thus, large-area arrays are readilv possible. Typical tot I
incident on a diameter of -200 lam. If the device is sell up in thicknesses of films for adevice with 15 layersaft only -2-3 aiM.



NSATUE VOL 3t6 23 JULY 1"S5 LASERS REVEWv 3i3

5.51,1 a ba
0-1tooM

A

detector (8 (or detector A .,)

detector' (B.. * 00

detector (A.i)

a Holding b

84MW) c Hb__ _ _ _ _ _

2 A jo i _

eI I I

A.,LmW C

ft 4. The experimental arrangement used in the fabrication of Fi. a. A schematic model of, the arranggment used to demon.
anXNR i b tecoupling of two luft logic paus and the Mine a three-Pu optical delay which formns the basis or a loop

(a, ~ ~ ~ ~ ~ ~~pocs" kIadculd(.iigzs ~ O* The dockmng of the individlua bias levels to the thme
Optical switch A is addressed by a holding beams which is reflectedi SUM
1froma the eei and focusedi on to a second eilemnt B, 500 wim
awav on the same arwai slice. This secod element is held nesr
to switch point by a second holding buam illuminating it from the ini'. To date this hast not included the use of the nonlinear
apposna side. The ouput of A then sen as the address bedam for elements discussed here. Nevertheless, the advantages of using

C_ B and the optical circuit output is olieemd as the reflection from opticaj methods for various computations have been apparent
B (3,,). The fire also depicts the ciuun inputs and outplus a for several years. Historically, most optical computing system
th ipu to A (A,) is suteadly indrased until a point is reached hvebnofaagtpeiwicifrministrdad

* her ins reflected output acting as ddria n B cauiss this second hv eno nlgtp:i hc nomto ssoe n
pa to switch to a lower state in reflection (c). (d). a remains an processed as a continuum of signal levels. There are major
this lower seme until A nadelr switches down i reletin whe Is drawbacks to such analog systems. includig limited flexibility,
simultaneously switchies, up in reflection. 2 readns tn tho up state noise accumnulationi and input/output device limitations. Thie
a the input to A is further increased until it spwn switches down advantages of optical binary logic. now in principle possible
when the reflected input from A is high enough. If A were to be with the devices described bote, may be crucal in progressing
held close to switch point and! addressed with a pubie, informationi optical computing into a new practical technology. One would
would be storid in A. If the holding beem on 3 is a the samne wish to avoid as many photo-eectron or electron-pihoton
atm too far from switch point, the informationt wiUl not he msfer. conversions as possible- Thec considerations can be made at
red from 3& If this holding beamn is thea programmed to come
within the map white 2 ca be switchesd,. the information can he several levels, including individual optical logic devices (gates
trnsferred to 8 and by an appropriate reducton of the hsokding and arrays of devices I as the first level. The second level con-
bem on 3 the informiodn can be move froma A. The device can miders optical comncain iteroctos and input/out-
theefre be adse to act as a shift register. Moth funhar holding put among the logic gates, among arrays and among circuit
beams definig optical circuit eilements wcoes the cristaL. these boards or processors The third level considers the possibilities

forms of optical logic beoeindefinitely extensible, of new computer architecture to take advantage of the inherent
parallelism Of optica.

Thus, one might see the advantages of optical methods in two
'Mie heat capacity of pixels of micromete dimension is low and separate ways: (1) Speed of switching and communication. I
implies that incident power of - 10 mW can cause a temperature have shown that individual optical logic operations can almost
rise of 50 *C in -I as. The important physics lies in the control certainly be performed on a picosec. timescale. Combining

Cof heat sinking by meains of the conductivity of a relatively this with the output characteristics of CW mode-locked lasers,
massive substrate. Figure 2 shows the vew promising results it is possible to conceive bit rates approaching frequencies of

I obtained using ZnSe as the active film which has a band gap THt for an exact analogue of electronic digital logic. It is not0
conveniently resonant with argon ion lase wavelengths at 514 yet clear that recovery times can be imposed on the optical logic
and 528 nm. Thbe important property recently found is that these switches as acceptable power levels to ensure continuous
logic switches are suffciently stable to permit dciamtion of operation. The possibility exists of series-toparallel and
optical circuits of a similar nature to thoset already demonstrated parallel-to-sena conversion on pcoseciond timescaies. Fast.
With InSb'"1. high bandwidth communication will also be consistently avail-

able. Optical methods may defeat clock skew. (2) Parallelism
Oipical computers and communication. The logic devices described here are at this

* I have described the contemporary performance of several time the only oan which have been capable of providing steady-
optical circuit elemenits and shown that. in principle, all logic state information holdng and cascadable operation. They have2
functions familiar in diewtrnice can be reproduced by these time constants in the rag 100Lno- 100 LLs This suggests that the

r nonlinear optical devices. Therefore, it should be possible to firs approach to the use of optics should emphasize tht use of
construct an ail-optical computer. parallelism and accept cycle r -- similar to existing electronic

There exists a considerable body of literature repo tig the speeds. The intriguing inteilecti.A challenge is to use the
research of a number of groups on the subject of opitical comput. flexibility of optics to provide appropriate interconnecisons:
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______holding powers adswitching energies are sufficiently salt
allow operation with existing lasers and devices. Scaling fram
present experimental results, one may deduce that, for a visible
wavelength device, a single logic element area of - I &&m: should

4% be practical, which. with a 250-na switchinS time, should require
.'s 0.2 mW of holding power. Pertaps 10% of this would be absor.

bed., The l0OW available in the 5 14-u argon ion line from a
t, typical comimercial laser would allow the operation of 5 x 10'

gates assuming perfect optics. This would give the array a rate
a of information processing equivalent to 2 x 10" logic operations

K~ ~ per second assuming that all the gates are used simultaneously.
A similar number of logic operations could be 2rchieved by using

Csmall-gap semiconductor% in the infrared where the electronic
processes would allow Caster switching bui the packing density

Fig. 6 The types of optial computer being prpoe us the anid device size would be greater. The optimization of the existing
patrallelism of optics by usin% arrays of elemenits. The iserstio devices and the use of different materials may allow the synthesis
present in the type of ovobiers wuhkich could be solved on = 4h of arrays capable of much higher data rates.
computer is achieved through the use of a loop processor sulttc Even allowing for imperfections. which would reduce these
ture. The individual arrays of elements may have to be flexible in numbers, the data rates are sufficiently high to encourage the
their uses in the processor. idenuical wasis may be used as input exploration of their use Cor tasks where conventional one-
11l. cdock I C). Oan 10). program I K1 dynamic interconnect t DI) dimensional sequential digital electronics finds difficulties, such
and output t0). Each armay may require a separate power supply aspattern recognition. artificial intelligence. sorting and special-

refftshl MI. tied computational problems. Equally interestig will be appli-
cations such as power limiters, optical noise reduction and laser

requirements could be to shift a logic array pattern by one projectors and displays.
element on each cycle or to achieve a 'perfect shuffie'. Other
schemes include a vector-matrix multiplication involving a fan- International development progrmmes
in fromu a matrix array to a column followed by rotation of this Several collaborating groups are actively involved in research
column between output and input for successive cycles, in these areas. The principal effort in Europe is the European

to my laboratory a number of optical-computer architectural Joint Optical Bistability Program. a multinational project on
components have been designed including memory units. clocks, optical logic circuitry and the basic physics of optical bistability,
a programmable processing stage and a simple full adder using involving eight universities and institutes in Britain. Belgium.
simnultaneously the twranaussion and reflection from an optical West Germany. Italy and France. There ame a further eightgate I. The necessity to store the calculation before communicat- European laboratories associated with the programme. The
ing to the next element is important in the optical cast: propaga- research support scheme was established in 1984 by the Corn-
tion at the speed of light otherwise would mean that all elements mission of the European Communities, through its Committee(
would be simultaneously addressed ladmittedly, avoiding clock for the European Development of Science and Technology.
skew'). Delays can be readily implemented by suitably program- In the United States there are two main collaborative groups:
ming the holding beams so that the optical bias is only set to 'The Optical Circuitry Cooperative is currently being established
receive a signal when the device is clear of other signas. As a by the University of Arizona. which is involved with over 10
SAm step, consistent with the elements described. this could be American companies with an interest in vocal circuitry. The
achieved electronically making an interesting interface to exist- five-year programme is funded by these companies the univer-
in& computer technology. At The time of writing, a three-eletnern sity and a NSF grant. The Pentagon recently announced the
loop processor with optical bias delay loop clocking has been formation of a consortium of nine research organizations.
implemented. Acousto-optic modulators, controlled by a micro- including seven universities which will be funded as part of the
computer, provide both optical bials levels and input data pulses Strategic Defense Initiative to produce an optical computer.
(Fig. 5). In principle, indefinitely extensible optical logic has Japan's Optical Computer Group was formed in 1983 with
been demonstrated. A generalized optical computer using these the purpose of providing the opportunity for its 75 members to
ideas may take the form shown in Fig. 6. exchange information and ideas in the field of optical comput-

ing. The group has four to six meetings every yea and publishes
Conclusion a newsletter (Opcon, nws) between meetings. The group is
One may conclude that practical votcal circuit elements have associated with the Optics Division of the Japanese Society of
been demonstrated, thai all binary logical operations can be Applied Physics with members from Japanese universities and
performned and that the SAm digital optical circuits have been -compais-
shown to be practical. I thank Or F. A. P. Tooley Aor help in preparing this manu-

At this time the most favourable method of applying optical script as well as all members of the Herioc- Watt optical circuits
methods to digital opticWalcmputing seem to be the use of research group and the participating laboratories at the
digital amys of pates speaking (in an optical sens) to further European Joint Optical Bistability project of the Commission
arrays of gates with the possibility of fixed or variable intercom- of the European Communities.
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iultile Qua|tum Wells

* Alternating layers of 6aAs - 6aAlAs

- typically 100 A spacing

* Spatially varying bendgap forms potential wells

" Stratified variations in index of refraction

" Piggyback on Integrated circuit technology (

.AA.g ,As - IoO j

0 , Li "rL" '
ct lkerAS 

a10

V Y FL
I "L

E-V

F!



All

A4 (il) 44 31 73%

17 aikX^

7 We,



Tailored Nonlinear Mediaal

" Molecular
-organics
- beta-barium borate

* Microstructures
- multiple quantum wells

" Macrostructures
--waveguides
-periodic media

* Combination or techniques attractive C
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Optical Properties

• Highly nonlinear
- 10-100 x GaAs A0,nic, po,-','.

dVAA/ FI4

• Birefringent
- An = 0.05 ___

* Optical Waveguide
- dispersion for phasematching
- beam confinement for efficiency
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NONLINEAR OPTICS IN
QUANTUM WELL STRUCTURES

OUTPUT

* FREQUENCY DOUBLED
* MIXED
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E. wDoD Apolications of Electromagnetic Launch (EML)
Tecnnolocies' !ZI-R-85-35i iW. Weizon, A. T. Atkin,
S. Nozette, and B. Taoiev (Universv :f 7exas, Austin)'

This white paper on "DoD Applications of Electromagnetic

Launch (EML) Technologies" speaks to several potentially import3nt

application areas for this developing technology. These are (1)

hypervelocity impact research which can run the gamut of materials

research from equations of state, materials properties and

processing, to vulnerability, and armor-antiarmor studies among

others: (2) launchers and accelerators for spacecraft or aircraft,

and (3) spacecraft propulsion. These ideas originate with a

University of Texas group, part of which is already funded by

DARPA for construction of a rail-gun facility. The latter's goal

is to achieve 50 km/sec using a 1 gram mass. At lower velocities

(20-30 km/sec) larger masses could be accelerated. Conducting

materials, enclosed in an insulating sabot, could also be used,

with a mass penalty. Current funding allows for measurement of

projectile speed and integrity but not for impact studies. The

last two topics represent relatively uncharted areas; the first

could have nearer-term payoffs with information being generated at

a rep-rate of -1-2 shots/day. One might imagine an eventual

national user facility for the impact studies.
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F. Strategic Computing Applications Program LJI-R-85-348
[J. Boris (NRL) and P. Hammerling (J!

This report describes a Strategic Computing Applications

pzogram which would apply new parallel processing architectures

together with a novel algorithm of Dr. Boris to the surveillance,

correlation, and tracking of multiple targets of interest. The

ultimate goal of the program is the production of modules that

could be carried on board a platform: ship, aircraft, or land

vehicle. Another, nearer term, application would be as a

simulator for battle management engagement scenarios. The battle

management problem has been characterized by the recent Eastport

Study Group as 'the paramount strategic defense problem.'

A critical element is the monotonic logical grid (MLG)

algorithm alluded to above. This technique organizes the

geometric information that descibes randomly-moving nodes in a way

that ensures that near neighbors in space are also automatically

near neighbors in the data arrays. As discussed in detail in the

report, the MLG reduces the combinatorial problem from an order N
2

problem to an order N problem. The MLG algorithm also organizes

the computational problem in a way that is ideally suited to the

TMC 'Connection Machine' (CM).

It is this combination of algorithm and architecture that 0

should allow a "quantum jumpm of a factor of -103 (102 from the

MLG and 10 from the CM) in the number of objects that can be

processed per unit time.
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G. "Four Pacers on Robotics: 1. White Paoer for the Development
of the 'Super Robot', 2. Next Generation of Tecnnoio:y for
Robotics, 3. Summary Report on Pipelined Computation of
Dynamic Modelinq 4atrice for Serial Robotic 'Aar.:ulators,
4. An Assessment of the Develooment and Apolication Potential
for Robots to Support Scace Station Operations,"
LJI-R-85-349 [D. Tesar, (University of Texas, Austin)]

These four, linked papers outline a large-scale program for

robotics research which could, if implemented, have a large impact

on DoD as well as civil use of robots.

The super robot represents the full integration of the most 0

advanced computer technology (the super computer) with the most

general mechanical architecture (serial, parallel, modular, etc.)

to demonstrate an electronically-rigid system (similar to our

latest fly-by-wire aircraft) capable of rejecting process

disturbances in real time while producing high value-added

- products on demand. Today, high value-added operations are

achieved primarily through the use of expensive, specialized and

dedicated machines such as N.C. machines, automatic-screw

machines, wire-bonding equipment for microcircuits, etc., where

the robot performs the low-valued functions of handling of parts

between these dedicated machines. By contrast, the super robot

C would be a fully-integrated and self-contained generic machine

system capable of performing a wide spectrum of precision light
0

machining operations completely programmable by the designer of

the product (shoes, clothes, appliances, etc.) and fully

responsive to the individual demands of the marketplace. This

vision of robotics by Issac Asimov is the heart of the factory of 0

the future, yet it not only does not exist, technicar resources to

make it possible are either in short supply or have not been
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concentrated in a sufficient critical mass of expertise to make it

happen. 63

Beyond the factory of the future there are applications of

robotics to functions which involve hazards to humans such as

space operations, operations on the ocean floor, ammunition

handling under chemical or biological attack, processing of

dangerous materials such as galium arsenide for advanced

microcircuit technology, nuclear reactor maintenance, etc. In

addition, special applications of real value to society, such as

microsurgery, have yet to be dealt with even in the research

environment. The concept of the super robot being proposed here

would lay the foundation to demonstrate a science of intelligent

machines sufficiently general to treat all of these devices and

rewarding applications.

Much of the mechanical design philosophy in the United States

derives from a period during which farm machinery, power plants,

construction machinery, automobiles, airplanes, jet engines, etc.

were brought to a high level of development. Much of this design

is performed in terms of compartmentalized rules (the basis of an

art and the opposite of a science) which are based on negative

criteria (noise, wear, fatigue, instability, vibrations, mean time

between failures, etc.). On the other hand, the factory of the

future demands the use of operational criteria associated with the

quality of the product of the machine which implies precision

(rarely dealt with as a first priority in the academic world).

The positive criteria of precision involves the control of the

output of the machine to specified tolerances regardless of the
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disturbances generated by the operation. To date not a single

robot operates in terms of a real time dynamic model based on an

accurate description of its system parameters in order to reject

disturbances (i.e., the concept of closed-loop operation found in

fly-by-wire aircraft). Furthermore, the negative design criteria

of failure in the operation of large machine structures of the

past (textile machinery, battlefield materiel, etc.) have little

to offer for the design of precision microprocessing equipment of

the scale suitable to microsurgery or microcircuits. Hence,

relative to the level of technical integration required to meet

future needs, no balanced science of intelligent machines is being

developed.

Today, the drive to establish the factory of the future has

led to vigorous development activity associated with CAD/CAM.

Unfortunately, almost all of this activity is centered on the use

of a collection of dedicated machines, each capable of a limited

number of distinct critical precision functions which must be

sequenced to create the finished product. On the other hand, the

fully-integrated, self-contained, intelligent machine which is

capable of producing broad classes of quality products fully

responsive to the individual consumer does not exist in any form.

In fact, the use of 15,000 robots in the U.S. at this time implies

a penetration into the manufacturing workplace of not more than 1

in 1000 showing that robot implementation is far below the level

needed to have real impact. This low level of penetration may be

due partially to the fact that each of our major firms (IBM, GE,

GM, Westinghouse) made one robot and then decided to purchase
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robots from outside vendors or to buy subsidiaries either in

Japan, Europe, or in the U.S. By contrasts, in Japan, each of the

major manufacturing firms (Hitachi, Mitsubishi, Fujitsu, etc.)

make their own robots. The contention here is that U.S. firms do

not have the necessary'in-house, balanced technical manpower to

remain competitive in this leading-edge technology and are leaving

it to their economic competitors. This lack of response to the

threat of the trade deficit, exceeding $100 billion in value-added

products, is at the heart of the present proposal. The goal is to

employ existing component technologies (the super computer,

computer vfsion, digital control theory), enhance emerging

technologies (expert systems, artificial intelligence, metrology,

mechanical architecture, computer architecture, CAD/CAM), and

fully integrate them by means of a balanced science for

intelligent machines. The super robot would be the most

aggressive demonstration of this objective.

The simplest robotic architecture is a 6 degrees-of-freedom

(DOP) serial system (one link, one joint, one link, etc.). To

date two basic geometries have emerged. One is a structure

similar to a coordinate axis (X-Y-Z) machine and the other is

similar to a human arm. These simple structures are-used because

they represent very few design parameters and are designed

primarily by intuitive means. The general 6-DOF serial robot

system is described by 18 geometric, 36 mass, 36 deformation, and

18 control parameters (a total of 108) and represents a design

complexity far beyond the means of existing expertise in industry.

Beyond the serial structure, there are parallel structures
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(walking machines with 4 or more legs), redundant structures to

form systems from building blocks the way we now create comDuter

systems, etc. What this means is that the design techniques for

most future robotic systems do not yet exist and can only be

developed by a very aggressive research program.

Similarly, no industrial robot operates in terms of a real-

time, dynamic-model description to close the loop relative to the

process it is performing which may generate significant distur-

bances in the system. This means that precision, light-machining

operations such as drilling, routing, milling, etc., cannot be

performed by reasonably-sized generic robots to the level of pre-

cision required. Disturbances due to forces equivalent to the

specified load capacity of these robots can easily cause a deflec-

tion 20 times as great as the error represented by its

repeatability (i.e., a 20 to 1 robot). The goal must be to mea-

sure these disturbances and to compensate for the resulting defor-

mations (in order to maintain the desired level of precision) by

means of a complete dynamic model evaluated in less than 10 msec 0

(real time) by using the most modern computational hardware and

software. This class of control would be equivalent to feed for-

ward compensation (a technique now found in the very best Japanese

Hi-Fi equipment) and is what is meant by an electronically ricid-

robot system.

Over the past several decades, the electrical research

community has made major strides forward in its technical depth

especially enhanced by strong *pulls' from the civil and defense

sectors. By contrast, mechanical technology has not kept pace
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such that it is now perceived as a weak partner. Unfortunately,

the mission objective of intelligent machines will require a

marriage of these technologies as equals. Hence, In order to

satisfy the super robot development mission, it will be essential

to create a fully-integrated science of intelligent machines based

on a balanced development of all required electrical and

mechanical component technologies.

The concept of the super robot is the full implementation of

a cohesive analytical description of generalized mechanical 0

architecture with a major emphasis on the use of the super

computer to benchmark the complete controlling equations for

deformation, dynamics, adaptive control, and feedforward 0

compensation for the effects of external or process generated

disturbances in real time operation. The objective is to obtain

results which are able to describe the operation of any general

robotic structure, thus allowing for specialization to a given 0

device suited to a unique application. This top-down approach C

(similar to the approach used to validate the development of the

super computer itself) is completely missing in the development of 0

robotics to date. Literally hundreds of design parameters are

involved yielding potentially billions of possible systems. The

optimal design and, -therefore operation, of these systems is

essentially unreachable with present small-scale bottom up

technologies. That is why most industrial robots look either like

an X-Y-Z measuring machine or a human arm, both of which are

several orders of magnitude simpler than the general mechanical 0

architecture. Consequently, the super robot effort is intended to
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integrate all the previous analytical research of the team (and

that of others) into a fully-operational parallel, modular, or

mixed robotic structure.

The research program will concentrate on the use of super

computer to dramatically accelerate the development of a science

of intelligence machines because of its superior computational

capacity to treat the full parametric description of a much more

general class of robot structures. ?or example, the massive

computational resources of the super computer make it possible for

the researcher to think much more openly and freely of generic,

top-down design and control strategies which should lead to a

maximum level of productivity of new ideas and technology

evaluated by complete simulations.
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H. *Strateav for Comolex Organization Modelina, Plannina and
Experiment (SCOMPLZX)," LJI-R-d5-351 [B. J. West (La Joia
Institute)

This report outlines and motivates a mechanism for managing

complex, large scale, .scientific and technological research

programs. This strategy (S) for complex (C) organizational (0)

modelling (M), planning (PL) and experimenting (EX) (SCOMPLEX) is

discussed with reference to examples drawn from physical processes

relevant to DARPA programs. Drawing from our experience in the 0

analysis of complex systems, we argue that: if the systems

consist of a number of only weakly-interacting components,

(example, ASW), then the traditional managerial schemes would

appear to be adequate. If however the system consists of a large

number of strongly-interacting or interdependent components

(example, wave propagation in random media), then a new managerial

scheme is proposed. This new scheme has the following elements:

1. A principal investigator as the Program Director and who

has the final decision-making responsibility in all

program areas.

2. An Overseer Committee consisting of the senior scientists

in the program which will oversee the allocation of

funds, personnel, etc. as well as the overall research

direction of the program.

3. An External Scientific Advisory Panel (ESAP), whose

members are chosen from the academic, industrial and

government scientific committees to provide the best

available advice and guidance from the outside experts in

the field of programmatic interest.
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4. A Technical Transfer Panel (TTP), whose members will be

chosen from governmental and industrial settings to (

provide the best available advice and guidance in the

technological implications of the scientific research,

particularly.for the services. It is suggested that the
chair of this committee be the DARPA contract monitor for

the program. -

5. These four elements are duplicated at the level of the

research conducted by each-of the senior scientists in

the program. In this way they each become the director

of their individual project for which there is an

Overseer Committee, an ESAP and a TTP. The managerial

structure is thus seen to be self-similar and the number

of self-similar levels depends on the degree of

complexity of the program.

6. At each level of the proposed hierarchy the four elements a

are used in a self-assessment mode to determine if the
(

research goals of the program are being realized and if

not, what is required to realize their goal. They

monitor, critique and guide the scientific research in a

coordinated manner.
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Introduction

Flec:romazne:ic Iaunc' (-fL.) :eclnologies have been advanced by DOD resear:h,

including effor:s supoor:ed under :he S:rategic Defense !ni:ia:ive (SDI). Th .s

whi:e paoer Drovides an overview of potential DOD aplication for :hese :ech-

nologies in near te.m research, developmen:, and testing, which can compliImen:

:he applications in :ac:ical and space based weapon systems. Three areas of

potential interes: are: 1) R7yper-eloci:y impac: research, 2) Launchers and

accelerators for aircraf: and spacecraf:, and 3) Space propulsion.

Electromaenetic Launch Technoloev

- E t cechnology can be generally divided into :wo approaches: :he simplest bein

the railgun, the more complex and vocentially more efficient heing the coilgun.

The elec:romagnetic railxun (Figure 1) consists of two parallel, metal rails

0 separated by a distance typically ecual :o their width. A Drojectile with a

conducting armature is placed between the rails at :he breech of :he railgun.

If :he breech of the railgun is then connec:ed to an aporooriate source of

electrical current, :he current will flow down one rail, across the armature and

back up the ocher rail. The current flowing in the rails creates a magnetic
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field between the rails, and the current flowing in the armature incerac:s wit:

this magnetic field to produce a force which accelerates the armature and pro-

jectile down the gun barrel. This accelerating force, known as the Lorentz

force, reaches levels of interest only at extreme1y high currents (>105 A).

Unlike a thermodvnamic gun in which the acceleration falls off as :he ho: gas

expands, the acceleration in an EML can be held constant As long as constant

current is maintained in the gun. Being the simplest of the EML's, the railgun

has enjoyed the most rapid development. In recent years, masses as high as 300

grams have been accelerated to velocities in excess of 4 km/s while smaller

masses (1-3 g) have been accelerated to velocities of 8-10 km/s. For com-

parison, conventional guns are practically limited to velocities of 1.5-2 km/s.

Coilguns, while being more complicated than railguns, also offer the promise of

higher efficiency and greater control over acceleration. The basic conceot for

a coilgun (Figure 2) involves a series of stationary (stator) coils and a moving

(armature) coil attached to the projectile. As the armature coil passes through

each stator coil, current is directed into the stator coil so that the armature

coil is repelled down the gun barrel. A variety of coilgun configurations have

been considered which differ in the way current is supplied to the stator and

armature coils. The coilgun is attractive since it does not require contact 3

between the armature and stator, as the railgun does, and since its higher impe-

dance leads to higher efficiency as mentioned previously. The additional

complexity of the coilgun stems from the more complicated construction of the

stator and the need to synchronize the current feed to the individual stator

coils with the position of the armature.
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Pulsed Power Technolory

FML's of interest reauire elec:rical power of O's of MW to several T4 during

launch. Although the basic operating principles of EML's have been known since

the early par: of this century, their enormous power needs kept them from being

realizable until recent adyances in Pulsed power technology (PT). PPT uses

energy storage techniques to store energy slowly at moderate Power levels and

then deliver that stored energy in a brief, intense burst of electrical power.

Energy may be stored elec:rostatically in capacitors, electromagnetically in

inductors, electrochemically in bat:eries, or in the inertia of spinning

flywheels Recent developments at TT's Center for Electromechanics (CEM-UT)

involving the incorporation of specialized rotating elec:rical generator tech-

nology with inertial energy storage have made compact, inexpensive, portable

Pulsed Power supplies available for driving LM L's. Of course, the pulsed Power

supply must do more than just store energy. It must deliver the desired current

at the appropriate voltage level in exactly the Proper time frame. Two CEM-TT

developed power supplies are capable of performing this crucial task for a

variety of EML's as well as other applica:ions. The first of these is the

Pulsed homopolar generator (RPG). Although the basic concept is over 150 years

old, a portable RPG pulsed power supply has only recently become practical.

Figure 3-a shovs the principle of MPG operation. As a monolithic conducting

rotor (flywheel) spins in an axial magnetic field a voltage is generated between

the shaft and outer Periphery of the rotor. If sliding con:aczs are applied to

the shaft and rotor Periphery, the generated voltage can be ut:illized to drive a

current in an external circuit. As electrical energy is ex=racted from :he MRPG,

the rotor slows because its inertial energy is being converted to electrical

3
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output. rigure 3-b shows a compac:, portable pulsed *APG developed by CvM-UT.

This machine stores 6.2 MJ of energy inertially and can produce ou:put currents

up to 1.5 MA, stopping its 1,600-lb rotor from 6,200 rpm in a fraction of a

second. CEM-UT develoned RPG technology has been licensed :o Parker Kine:ic

fesigns, Inc. of Aus=in, Texas.

A second CEM-UT developed pulsed power supply, the comoulsator, was invented in

1978. Whereas the HPG produces a single output pulse as it slows, the com-

pulsator produces a burst or a continuous chain of pulses. Figure 4 shows the

rotor and stator of a compulsator under construction at CEM-UT. This machine,

which is designed to power an electromagnetic machine gun, will produce a burst

of ten 2.5-kV, 1-hA, 2-ms pulses in one-sixth of a second.

Experimental Rviervelocirv Imract Research

Erperimental hypervelocity impact research can be greatly advanced by M tech-

nologies. The current research too! available for hyverveloci:y impact research

is the lIght gas gun (see rigure 5). As with other types of guns, the maximum

velocity achieved is limited by thermodynamic Proper:ies of expanding gases:

Light-gas guns are limited to a maximum of 10 km/sec wu:h macroscopic projec-

tiles. xperimental results above this velocity have been obtained with projec-

tiles in the size range of 10's of microns using plasma acceleration. In theory

EML technology could overcome these limitations as a railgun could substitute

for the light gas gun. The availability of a hypervelocity impact research

facility which can explore the 10-20 km/sec domain could have many applications.

In the space environment hazardous objects (both natural and man-made) with these

4
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velocities occur. The existing data base regarding effects could be expanded so

as to design better shielding against these threats. The survivability of space

based systems is a key issue that musz be resolved if active weapons systems are

to be deployed. A large amount of hyrervelocity impact research has been

carried out during the Apollo era, and by DOD for its purposes. Much of this

data and experience is still applicable. However, the potential of active

weapons systems being deployed in space, and the problem of man-made debris in

Tar:h orbit raises new auestions that can only be addressed by actual experimen-

tation.

An nL based facility can extend this previous work to include new factors.

Testing may-be performed over a wider range of velocities and particle sizes

than were previously available, allowing extension of models developed to pre-

dict damage. Currently, damage assessment in the high velocity regime must be

extrapolated by use of such models. These could be improved and better

calibrated by an L-L based facility. The range of relevant research which could

be accomplished by an MfML based hypervelocity impact facility includes:

1) Simulation of hypervelocity impacts on components, 2) Evaluation of impact

resistance of components, 3) Evaluation of improved bumper/wall shielding con- 0

cepts, and 4) Penetration equation data for new shielding materials.

In addition, such a facility could also conduct basic research in hyperveloci:y
I

imDact phenomenon modeling, measure the equations of state of materials under

very high pressures, examine methods of minimizing secondary ejecta and debris

creation, and capture of orbital debris.

Currently, the experimental data base in these areas is limited, as research is
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conduc:ed using projectile velocities under lOkn/sec. Preliminary inves:iga-

tions of these applications are underway at UT-Austin in conjunction with

NASA/JSC. In order to develoo a research facility, the railgun must provide 4

projectile veloci:ies in the range of interest. This is expected to occur as a

result of current CEM research. Improved railgun diagnostic technioues would be

renuired to allow for velocity measuremen: and observation of impact events. A

combination of laser and x-ray based velocity sensors and an ultra-high speed

camera system would be needed. This camera system would require 2xl0 6

frames/sec, 5 nanosecond exposure time using a laser diode, 200-300 micron reso-

lution (at 15 km/sec). Such a system would have to be cuszom'designed and

built, as it is at the state-of-the-art for hypervelocity impact research.

Improved target diagnostic capability could be provided on-site and in user

laboratories. These may include SEM, x-ray diffraczion, and analytical tools

(micro-probe).

An EML based research facility of the type described would have to be a multi-

user facility in order to suport the level of activity necessary. Preliminary

efforts are underway to configure a railgun homopolar generator for impact s:u-

dies.

Launchers and Accelerators

The railgun and coilgun can serve as the basis for a new family of launchers.
S

When designed with a linear configuration, the coilgun can accelerate a mass

with no direct sliding contact. This principle, combined with homopolar genera-

tor energy storage could allow launching of large masses (e.g. aircraft,

6
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spacecraf:). These would be useful for fully fueled vehicles where soeed and

weigh: are a: a premium, such as short field take-off or vehicles :haz achieve

orbi: from runway launch. NASA is currently investiga:ing :le application of

such launchers in advanced programs. nirec: orbital insertion from the 7ar:h or

moon is a oossibili:v.

Space Prooulsion Applications

Ti.- same limitations which apply to chemically driven guns apply to chemical

rockets. There are theoretical limitations imposed on all rocket engines based

on thermodynamic principles. These include engines which burn propellan:s, and

those which heat them (e.g. resistojets, nuclear :hermal engines). Elec:ric

propulsion systems have been designed to overcome these limitations by using

electric and magnetic fields :o accelerate a working fluid.

These systems have found limited aoDplication due :o :heir low thrust and low

specific power. Avplications have been further limited by the high mass Dower

systems required. Application of the railgun-compulsazor system to propulsion

can overcome these limi:ations in certain applications. Relatively large

amounts of working fluid can be accelerated as nlasma to high veloci:y by the

Lorent:z forces, resulting in high specific impulses with higher thrust levels

than previous electric engines. Specific impulses of 10,000 sec with thrust

levels of 100 pounds are theoretically possible. A wide range of working

fluids such as hydrogen, nitrogen, water, and inert gases may be used.

Materials compatibility must be resolved, but exDerimental evidence suggests

that these fluids will work. Smaller thrust levels (1-10 pounds) may also have
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a variety of attitude control and stacion-keeping applications. The mos: likely

application could be on spacecraft which require large (1MW) on board power

supplies (weapons, active discrimination sensors) which can share components

(radiators) with a propulsion system. This concept is illustrated in Figure

6-12, both in a schematic and In comparison with other propulsion systems. I:

can be seen that an EML based propulsion system has attractive weizht and per-

formance features.

The LML and PPT technology is brand new, as the compulsator was first developed

at IT in 1978. Very little mission analysis has been performed which incor-

porates EML based propulsion. The availability of LXL based thrusters could

greatly enhance the ability of certain snacecraft (weapons platforms) to

maneuver, thus enhancing survivability. For this application the systens must

be evaluated for lifetime and reliability. If ES based propulsion is feasible

and the opponent does not incorporate this technology, remaining in the chemical

domain, a decided advantage may be obtained. The present state of Soviet deve-

lopmen: in this area is not known, but if evaluation and testing proceeds at a 0

prompt pace, some advantage may be conferred to future American spacecraft with (this capability.

Conclusion

This white paver has briefly discussed Possible new applications of a still new

technology. The authors suggest it may be in the interest of DOD to further

capitalize on an investment in VS technology to meet a wide range of national

security objectives.
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I. EXECUTIVE SUMMARY

The following paragraphs describe a Stratecic Zomoutinc

Applications Program (SAP" to be cznsidered for support by -ARPA.

The efforts of the program are distributed in a cross-disci2.in:ar

way over several program areas in DARPA and make specific

military use of the hardware and software developments in DARPA's

Strategic Computing Program. The operational goal of the program

is the orderly, timely, and effective use of the parallel computer

architectures being developed under several DARPA projects in, and

related to, strategic computing. Through this use a spectrum of

important, defense-related problems will be given early access to

promising advances in computing and the software and hardware

developers will get valuable user feedback. Substantial immediate

value will be derived from the initial development, testing, and

application of these advanced systems long before benefits from

any intended end use accrue.

The focal project of the program is the development and

testing of efficient, reliable, transportable, processing elements

to be carried on-board a platform (satellite, ship, aircraft, or

land vehicle) that could perform Surveillance, Correlation, and

Tracking (SCAT) computations on multiple targets of interest and

that would interface these new capabilities to human decision

makers. This technology insertion program requires the highly

parallel computer architectures already being developed since

surveillance, correlation, and tracking is a computationally

intensive problem. The Monotonic Logical Grid (MLG) filgorithms,

described below and in Appendix B, promise up to two orders of



magnitude speedup in major, compute-intensive aspects of the SCAT

problem. Combined with a factor ten speedup using the new

strategic computer architectures--the called for three orders of

magnitude speed improvement is here now.

Initially, of course, a Obreadboard" simulation of the

proposed devices would need to be demonstrated. Another

application would be as a simulator for battle management strategy

and policy development. The latter could be developed in the

context of a user facility and the experience gained in its

implementation and use could be transferred to specific

service-oriented missions embodied in the modules mentioned

above.

The SCAP proposed has three components, a concerted attack on

the omnipresent SCAT problem and two closely allied advanced

research programs: one on advanced computer architectures and the

other on relevant scientific applications.

All three components of the program will be hosted on the

NRL Cray XMP, the TMC Connection Machine, and the other facilities

of the NRL Central Computer Facility, and the Laboratory for

Computational Physics. This program would involve all components

of the Heterogeneous Element Supercomputer System (HESS) being

assembled at NRL and will incorporate DARPA R&D efforts which can

contribute to the SCAT problem or to the other aspects of the

Strategic Computing Program described above. In this regard, the

HESS would function and be maintained for DARPA/DoD users much as

the Numerical Aerodynamic Simulator is being developed for NASA.

2



The cost of the overall SCAP will be about $40M for five

years based on incorporating ongoing (funded) work which would

benefit by being coordinated and some new work in areas of high

possible return which depends synergistically on the unique HESS

capability. The program should occur in three phases:

I) Planning Phase - I year ($2M)

I) Development Phase - 3 years ($7M, $9M, $12!)

III) Production Phase - 1 year and follow-on ($10M/year ... )

This third phase may involve substantial new equipment both for

second generation Strategic Computing systems that extend the

capabilities of HESS as well as to provide useable components for

field trials and extended breadboard experiments. The program

would provide some software development support to enhance the

usefulness of the new hardware components.

This Strategic Computing Applications Program deserves a

prominent place in the DARPA "Strategic Computing" (and the SDIO

programs) for four important reasons:

1) There has been an algorithmic breakthrough, a data

structure called the Monotonic Logical Grid (MLG) which

allows efficient parallel processing of manybody

interaction problems. This innovation deserves extensive

development and optimization in the context of Battle

Area Management, the SDI missile defense management
0

problem, physical manybody problems, cellular automata,

fluid dynamics, line-of-sight graphic displays, and

symbolic data organization. The MLG technique for

organizing constantly changing data dynamically is

3



capable of optimal execution on the SCAT problem using

parallel architectures such as the TMC Connection

Machine, currently being developed for DARPA by Thinking

Michines Corporation, the Cray XMP and the GAPS, a vector

of array processors in place already at NRL.

2) The community of researchers and users which this program

would draw together around the HESS would provide

necessary practical experience bridging current gaps

between signal processing, artificial intelligence, and

numerical simulation. All three components are necessary

in an autonomous vehicle or device, for example. Signal

and image processing are required for the digestion

of sensor information about the environment of an

autonomous vehicle or system. This information would be

correlated and evaluated by the A.I. central inference

engines and associative memory pattern recognizers.

Numerical simulation is required to estimate

environmental variations and to project the likely

outcome of possible decisions for use in the computerized

decision-making processes. C

3) Existing DARPA and SDIO programs and projects need

substantial raw compute power which the HESS can provide

cost effectively for important classes of military

problems. The NRL Central Computer Facility is also

available to service off-site DARPA contractors. The

Laboratory for Computational Physics and the Naval

4
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Research Laboratory will provide program coordination and

support as well as fertile ground for colleagial

interactions and technology transfer.

4) The existence of VOYEUR, an interactive, high-bandwidth,

color graphics system at NRL, allows immediate analysis

and understanding of simulations and calculations being

performed anywhere on the HESS as they are being

performed.

These four reasons address important requirements of the

DARPA Strategic Computing Iniative and the SDIO program. Support

is requested for the program as a whole to emphasize and encourage S

the interaction of the distinct parts. A technical "board of

directors" for the program would be devised consisting of

technical experts in the three areas and representatives of the

major sponsoring components.
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II. BACKGROUND

As a community we do not know a lot about writing concurrent

programs. There has been progress in ten years, primarily in the

physical and engineering sciences, but we still have lot to learn

before massively parallel processing is easily and commonly used a

in production environments. This kind of software seems to be an

order of magnitude more difficult to build and maintain than

conventional software. Algorithms to use concurrent, distributed-

processor architectures will generally take as long to perfect as

the hardware, typically several three-five year computer

generations.

For several important classes of problems, however, we have

been able to develop multiply parallel algorithms which lend

themselves to particularly efficient implementation on a

distributed, high-concurrent processing system. These problems

include basic investigations into cellular automata and nonlinear

system dynamics, simulation of large physical systems such as

fluids, reacting flows, molecular dynamics, etc., direct

scattering calculations such as occur in acoustics and radar, and

the militarily pivotal SCAT problem. A number of existing DARPA

and SDI-related projects also require large amounts of time on a

supercomputer with millions of words of fast memory. Following is

a partial list of projects which are currently underway and which

require or could use the HESS profitably.

0 Battle engagement area Surveillance, Correlation, and

Tracking (SCAT) for thousands of targets, whether air,

land, sea, or space, requires small stand-alone systems

6



with supercomputer capability. Significant portions of

the following text address these generic issues in tne

specific context of the SCAT problem. The newly-

developed, parallel MLG algorithms provide an efficient

dynamic basis for organizing and retrieving SCAT data in

real time.

The advanced battle management systems will have to

incorporate integrated aspects of all three types of

processing, A.I., signal, and image processing, and

highly-parallel numerical simulation techniques.

Charged Particle Beam (CPB) secondary electron

propagation requires more memory than available on a Cray

1 and the equivalent of several hundred Cray hours per

year. The software technology to write a

multidimensional (4 or 5 dimensions) Boltzmann code

exists but has not been worth implementing because of the

paucity of sufficient computation time.

0 CPB hole-boring and anomalous channel-cooling simulations

require multidimensional reactive flow production

calculations on a Cray class system. The TMC Connection

Machine would be particularly effective in concurrent use

with the Cray to more accurately track interfaces between

materials and phases in high power-density systems.

* Advanced engine development using ramjets and scram jets

requires long, expensive simulations in which the

7



acoustic waves, as well as subsonic and supersonic flows,

are all resolved. The Cray XMP is adequate for the fluid

flow calculations but the Connection Machine with a

useable floating point capability is needed for detailed

multidimensional runs with a real chemistry.

0 Associative Memory (AM) research requires the massive

parallelism which the HESS will provide through the

Connection Machine and perhaps other "neural net" type

architectures. Attention focusing, problem encoding, and

fault tolerance are all better studied in large,

general-purpose computer networks with interactive, C

high-bandwidth graphics systems. N Ln N encoding and

reading algorithms for AM systems must be found.

* Massively parallel processing also makes direct scatter-

ing computations, both acoustic and electromagnetic,

possible for complex shapes and tailored surface material

properties. The exact response of a given shape or

material to new electromagnetic pulses can be calculated

directly using a formalism developed by West, et al.

0 Advanced A.I. systems for autonomous vehicles will

require highly parallel distributed computation for

prediction, signal, and image processing. Cooperating

expert systems can be implemented within the HESS Network

and have several high-powered compute engines available

for those aspects of composite real problems which have a

severe computational load.

8



* Damage and Lethality Research, whether from beams or

kinetic energy weapons, requires molecular dynamics

calculations on thousands of interacting particles in the

"nearest neighbors" approximation. The MLG algorithm was

originally designed for this purpose. It is ideally

suited for massively parallel processing such as can be

conducted with the Connection Machine.

* Biomolecular engineering promises a whole new family of

speci l-purpose/high-performance materials of great

military potential. DARPA is supporting much research 4

in this field. The Monotonic Logical Grid (MLG) methods

make possible truly large simulations with millions of

particles to bridge the gap between microscopic atomic

particles and macroscopic materials properties.

* Propagation of EM pulses over long distances through

turbulent and disturbed media requires enormous parallel

computations. New systolic architectures should be

nearly ideal for these types of problems. Perhaps fed

asynchronously by the Cray calculating the specific

realizations of the disturbed environment through which

the pulses are passing, the Connection Machine could be

used at full effectiveness advancing nodes on a phase

front passing through the disturbed medium.

* The same kind of synergistic interaction is needed for

X-Ray Laser modeling and analysis. The Cray Class

9



Supercomputer is quite adequate for the fluid and thermal
6

conduction dynamics which occur in physical scenarios but

the complex atomic-radiation chemistry occurring at each

grid point requires the massive parallelism of a

Connection Machine. The separate processors could work

together, each solving the part of the problem for which

they are the most suited and exchanging only the

information needed to continue the asynchronous but

coupled computation.

* The potential of computer systems which are commercially

available to our adversaries should be assessed for

special and classified applications. This includes in

particular the new bussed multi-array processor systems

which require considerably more programming than a CRAY

or VAX but which can also be far more cost effective.

The HESS, through the Laboratory for Computational

Physics' Graphical and Array Processing System (GAPS)

also has a strong capability of this third kind, a

hierarchical concurrent distributed processing system.

10
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III. APPROACH

The Stratic Computing Applications Program, as planned, is

composed of three parts, a focal military problem and two related

advanced research areas. The focal problem is the SCAT problem

and the related technology research areas are Advanced Comouter

Architectures and Relevant Scientific Applications.

The SCAP takes advantage of the HESS being assembled at the

U.S. Naval Research Laboratory. The actors will be the members of

the Laboratory for Computational Physics (LCP) and the Naval

Research Laboratory, DARPA's applications contractors, and the

strategic computing research communities. We expect some indirect

benefits from carrying out this cross-disciplinary program.

Several different scientific and technology communities will be

brought into contact and held there long enough for the necessary

interactions to explore the potential and exploit the power of the

newly-developed computer capabilities.

The SCAP as proposed would provide for the integration of

several rapidly evolving information processing technologies to

tackle and solve one of the crucial issues of conflict and

battlefield management, information logistics. The approach will

be to provide at least one facility where users can develop and

use software systems in conjunction with newly developed

architectures. The HESS at NRL would be the primary system and

would integrate the DARPA-developed Connection Machine of TMC, the

Cray X-MP/12 at NRL's Central Computer Facility, theGraphical and

Array Processor system (GAPS) in the LCP Physics and other special

iiS



systems as the users or DARPA might see fit to provide for use or

comparison.

The three major areas of the Strategic Computing Applications

Program are illustrated in the following diagram:

Computing Surveillance, Scientific
Correlation, Applications

Architectures & Tracking

Associative CRAY XMP & TMC Physics &
Memory Connection Mechanics

Neural Networks Machine Applications

ISignal &Image Artificial Cellular Automata
Processing Intelligence & Nonlinear

.... Dynamics

At the center of the plan is the heterogeneous element super-

computer system being developed at the NRL Central Computer

Facility.

The following brief outline, and those in Section V below,

list a number of possible, high-leverage tasks which ought to be (

considered for support under each of these three program

components. It would be the immediate task in the first year of 9

the program to select a mix of problems and performers and to

establish a program review and guidance board from among the

technical performers and major sponsors, and to begin to implement 9

the project.

12 9
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Surveillance, Correlation, and Tracking Problems:

1. Three- and Four-Dimensional MLG "Tanks," Construct and

Test

2. Cray - CM Integration, Software for Asynchronous

Heterogeneous- Systems

3. Develop Network and Simulation Programs, User and

Engineering Support

4. Make CM Available to DARPA Users, User and Engineering

Support

5. Cooperating Expert Systems, etc. Algorithms for SCAT

Test Bed

6. Fault Tolerant Distributed Data Base Techniques

7. Develop Interfaces for Hardware Systems, etc., NRL Test

Bed Program

One approach to solving a new and complex problem is by large

jumps, major deviations from accepted practice with the promise of

big dividends and with correspondingly large risks. It is often

the case that similarly big dividends can also be had by a planned

series of steps building on known principles and accepted prac-

tice. Such is the approach we are proposing here. Signal

processing, computational physics simulations, and A.I. are grow- 0

ing together in several important ways and this project takes heed

and advantage of these confluent trends.

As discussed below, a three-order-of-magnitude quantum jump

will be provided by implementation of a unique software

development, the Monotonic Logical Grid on the HESS. Coupled with

13
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new computing architecture (e.g., the CM) one can design and

construct a large-scale simulator. (

Saegic Computing Applications Program to Demonstrate a 3D/4D
Battle Engagement Area Simulation Tank

The SCAT project will first implement a prototype Battle

Engagement Area Simulation Tank (BEAST) in three dimensions as we

have discussed. This would prepare the way for the 4D tank needed

to sort the contact reports for geolocality before fusion,

correlation, and identification analysis, etc. This tank would be

used by the "Dungeon Master" and/or a battle commander to

visualize the current configuration as a dynamically evolving data

base. It-would be a necessary component of an overall simulator

and a test bed for the 4D BEAST which would follow on the

Connection Machine in Fy 86 or 87. It would also provide, almost

immediately, a driver for developing the systems and software to (

display and interact with the evolving scenario.

The Monotonic Logical Grid

Central to our concept is the use of a new dynamic data (

structure called the MLG which was devised specifically to

organize the geometric information describing randomly moving

nodes for parallel computation. The technique arranges the data

for the nodes in computer memory in a simple mapping which ensures

that near neighbors in space are automatically near neighbors in

the data arrays as well. This technique is central to the

proposed attack on the SCAT problem because it forms the basis of

the 3D scenario tank and the 4D correlation tank used to identify, 0

weed out, and collapse the contact reports in real time. The

14 0
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MLG-based BEAST task is addressed and references are given in the

Appendix A.

The MLG reduces the number of interactions which must be

considered for each new contact report from hundreds or thousands

(nominally each evolving track) to a few (or a few dozen) by

automatically grouping tracks and contact reports which are

adjacent in space-time close together in the data structures. When

the data giving the location and properties of the nodes is

shifted around through the computer memory arrays of the MLG in a

discontinous way which, however, maps monotonically onto the real

motion. Substantial experience has been obtained in using the MLG

to solve manybody problems with thousands of randomly-moving nodes

and much more stringent accuracy constraints than required for

SCAT.

By using the MLG, the contact reports will automatically be

organized for parallel computation of report-report separations

and track-report correlations. The combinatorial problem is

reduced from an order N2 problem to an order N problem. In

practical terms this is a factor of 20-50 reduction in the amount

of computing to be done for 1000 nodes and factors of 100-250

reduction when -104 nodes are involved. Furthermore, the MLG

happens to organize the computational problem data structure in a

way ideally suited to the TMC "Connection Machine" being built for

DARPA. This confluence of algorithmic and hardware capabilities

should allow -106 contact and track reports to be processed

simultaneously with new reports coming in at the rate of

3000-5000/second. New techniques in AI and AM for track

15
f
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identification and correlation will be employed under less

stringent circumstances than otherwise would prevail because a

large component of the identification and correlation problem,

identifying only the near neighbor reports as candidates, is

automatically accomplished by the MLG. Further details may be

found in Appendix B.

The following figures, together with those in Appendix A,

summarize the above concept.

16



WHERE IS THE "QUANTUM JUMP"?

1. THE MONOTONIC LOGICAL GRID

A NEW ALGORITHM - FACTOR OF 100

2. ADVANCED STRATEGIC COMPUTING ARCHITECTURES

MASSIVELY PARALLEL HARDWARE - FACTOR OF 10
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4D "TANK" -- [x;, Yi, Zi, ti]

* MULTISENSOR TRACKER - CORRELATOR

a CONTACT DISCRIMINATION/SENSOR FUSION

* ORGANIZED, ANALYZED TRACK HISTORIES

* DISTRIBUTED DATA BASE MANAGEMENT KERNEL

3D "TANK" -- (x(t), y(t), z(t)]

0 WEAPON ALLOCATION/RF SPECTRUM MANAGEMENT

* SITUATION ASSESSMENT/STRATEGIC PLANNING

* WEAPON PLATFORM FIRE CONTROL/KILL ASSESSMENT

* GROUND BASED COMMAND CENTER/DM

19
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6

BATTLE ENGAGEMENT AREA SURVEILLANCE TANK

AN ACTIVE, RANDOM ACCESS DATA STRUCTURE WHICH

CONTINUALLY ADAPTS TO THE CHANGING CONFIGURATION OF NEW
C

0

CONTACT REPORTS, KNOWN COMBATANT MOTIONS, AND EVOLVING SENSOR

TRACKS. GEOPROXIMITY OF NEIGHBORING DATA NODES IS ASSURED BY

OPTIMUM PARALLEL PROCESSING TECHNIQUES-

20



GENERIC PROBLEM--BEAST GOALS

OBjECTS AT ONCE 54K 3D '1L] TANK

-107 CONTACT REPORTS AT ONCE 1024K 4D MLG TANK

-104-105 REPORTS EVERY 10 SEC "DIGEST' 103 REPORTS/SEC

-103 GLOBAL UPDATES/HOUR 5-10 UPDATES/MIN

21
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COST OF NEAREST-NEIGHBOA ALGORITHMS

DIRECT VECTOR SUMMATION:

#OPERATIONS 
= 7.5 08  15 SECONDS/STEP 

9

5000 PT& OPERATIONS
5000 PTS x 2 X PT*PT INTERACTION

MONOTONIC LOGICAL GRID ALGORITHM:\C

#OPERATIONS - 2.16 x 107 + ~0.43 SECOND/STEP

0

5000 PTS x 50 NEAR PTS xTPTERACTIO 300

4TIPT INTERACTION

+ 3 DIRECTIONS DIRECTION ITERATION

22
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IV. THE STRATEGIC COMPUTING APPLICATIONS PROGRAM FOCAL PROBLEM

The proposed technology insertion program has, as its focus,

military SCAT since this computationally intensive problem occurs

essentially universally in battle management wherever numerous

mobile units and platforms are involved. A number of different

important applications exist--maritime surveillance from

satellites, the outer air battle, surface and subsurface ocean

forces, fleet defense, SDI missile scenarios, kinetic energy

weapon targeting, land combat simulation, air traffic control,

etc.--which have in common the following major difficult aspects:

1) many separate objects moving rapidly in complicated paths

(tracks),

2) numerous observations (contact reports) of the same

object by different sensors at different times and with

different errors,

3) need for fault tolerant input, performance, and analysis

components, and

4) large, asynchronous, data flow and dynamic, distributed

data base requirements.

To deal with these aspects rapidly and efficiently calls for both

the appropriate hardware and software, such as discrimination and

correlation algorithms, as well as a computationally efficient

method for logically following all targets of interest.

23
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There are seven stages to the SCAT problem:

1) Beam Forming--The raw data input to a given sensor is

developed into a current contact report list for the

sensor.

2) Contact Report Acquisition--Contact reports of different

character, frequency, accuracy must be assembled,

verified, and weeded.

3) Multisensor Integration--A preliminary sort of new

contact reports is prepared for insertion into the 4D MLG

tank.

4) Correlation Data Collapse--Multiple images are
C

identified and collapsed down to identifiably different

contact reports.

5) Track Identification--The system must extend previously

identified tracks into new data and develop new tracks.

6) Platform Vector Updates--The system must satisfy

information requests on vicinity of a given track or

platform in burst mode.

7) Ordered, Analyzed Track Histories--These have to be

stored dynamically so they can be retrieved and updated

simply.

Not all seven states make direct use of the Monotonic Logical Grid

'tank' data structures. Beam Forming and Contact Report

Acquisition prepare data in a form suited to using the tanks.

Multisensor Integration and Correlation Data Collapse are built

around the MLG algorithms as is the seventh stage, Ordered,

Analyzed Track Histories. Track Identification and Platform

24



Vector Updates are not performed in or by the tanks but gain

appreciably from the format of the adjacent reports and tracks

used by the MLG.

25S



V. COMPUTING ARCHITECTURES AND SCIENTIFIC APPLICATIONS

Two important auxiliary themes are included in the overall

SCAP to provide a spectrum of interested, available expertise to

tackle the focal problem and to provide additional channels for

productive use of the.'new architectures. These two auxiliary

themes are Relevant Scientific Applications and Advanced Computing

Architectures. Each has a limited number of focused efforts on

specific topics which also contribute to the focal theme of

providing a Battle Engagement Area Surveillance Tank with hooks

where different components of the SCAT problem can be introduced

and tested in an adaptable, well-diagnosed environment.

Advanced Comouting Architectures:

1) N Ln N coupled AM

2) Cellular Automata Models of Physical Operating Systems 0

(CAMPOS)

3) Dynamic Data Structures

4) User Software (BASIC or C) 0

5) HESS

6) Pattern and Speech Recognition

Relevant Scientific Applications: S

1) Direct Scattering

2) Microwave Pulses

3) Multimaterial Interface Tracking

4) Chemistry Integrators for Independent Stiff Systems

5) Computational Fluid Dynamics

6) Biomolecular Engineering
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VI. RESOURCES

As outlined below, the orogram wculd provide for the inteara-

tion of several rapidly-evolving, information-processing

technologies to tackle and solve one of the crucial issues of con-

flict and battlefield-management: information logistics. The

approach will be to provide at least one facility where users can

develop and use software systems in conjunction with newly-

developed architectures. The HESS at NRL, which is available to

serve offsite DARPA contractors, would be the primary computa-

tional system and would integrate the DARPA-developed Connection

Machine of TMC, the Cray X-MP/12 at NRL's Central Computer

Facility, the GAPS in the LCP, and such other special systems as

the users or DARPA might see fit to provide. As prototypes of

other advanced machines become available, e.g., one based on

neural network models, they could be interfaced with the rest of

the hardware and made available on the NRL broadband network.

The cost of the overall program will be about $40M for five

years and will be incurred in three phases:

I) Planning Phase - 1 year ($2M)

II) Development Phase - 3 years ($7M, $9M, $12M)

III) Production Phase - 1 year and follow-on ($10M/year ...)

This third phase involves new equipment for second generation

super computer systems to extend the capabilities of the HESS.
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VII. SUMMARY

The Zorveiilance Zzr--:aion and Trackinc Problem is central

to the management and use of a number of military systems. Each

version of the problem has different complicating aspects and

computational bottlenecks but the problem similarities outweigh

the differences. World-wide ocean surveilance, theatre-wide

maneuver coordination, the outer air battle, and the SDI

endoatmospheric identification and targeting scenarios all require

complicated analyses of a very large number of contact reports to

sort out a large number of real sources, the false sources, and

redundant observations of the same source by different sensors.

A usable, multipurpose breadboard simulation "tank" for

battle engagement area modeling can be developed using resources

currently or soon to be available on the NRL network. Ultimately,

specialized modules can be developed for use on various platforms

(satellite, air, sea, or land) to provide autonomous, on-station

W performance and/or visual, real-time information and support to

human decision makers.

The full SCAP deserves a prominent place in the DARPA

"Strategic Computing" program for four important reasons.

1) The MLG technique for dynamically organizing constantly

changing data is capable of optional execution on such a

system and requires extensive development and testing in

the context of battle area management, physical manybody

problems, line-of-sight problems, and symbolic data

organization.
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2) The HESS would provide experience bridging some of the

existing gaps between signal processing, artificial 9

intelligence, and simulation. hll components are

necessary in an autonomous vehicle or device.

3) Existing programs and projects need substantial raw

compute power which such a system can provide quite cost

effectively for a limited but important class of

problems.

4) New methods of interactive display of evolving data in

multiply parallel systems must be developed. VOYEUR is a

major step forward. c
These four reasons address important aspects of the SDI program

and the Strategic Computing Iniative, thus support is requested

for the program as a whole to emphasize the interrelationship of

the distinct parts.
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APPENDIX A: A MONOTONIC LOGICAL GRID SIMULATOR -

THE BATTLE ENGAGEMENT AREA SURVE:LLANCE TANK

by Jay P. Boris and J. Michael Picone, NRL, Code 4040

The Surveillance, Correlation, and Tracking Problem (SCAP) is

our focal theme since this computationally intensive problem

occurs essentially universally in military engagement planning and

battle management wherever diverse mobile units and platforms are

0 involved. A number of different important applications exist-- S

world-wide maritime surveillance from satellites, theatre-wide

maneuver coordination, the outer air battle, surface and sub-

surface ocean forces, fleet defense, the SDI endoatmospheric

identification and targeting, kinetic energy weapon scenarios,

land combat simulation, air traffic control, etc. Each version of

Cthe problem has different complicating aspects and computational

bottlenecks but the problem similarities outweigh the differences.

These problems have in common the following major difficult

C aspects:

1) many separate objects moving rapidly in complicated

paths (tracks),

O 2) numerous observations (contact reports) of the same

object by different sensors at different times and with 0

different errors,

3) need for fault tolerant input, performance, and analysis

components, and

4) large, asynchronous, data flow and dynamic data base

reruirements.
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A usable, multipurpose breadboard simulation "tank" for

battle engagement area modeling can be developed using resources •

currently or soon to be available as part of the NRL Central

Computer Facility (CCF), a network-based Heterogeneous Element

Supercomputer System, an the Laboratory for Computational Physics'

new Graphical Array Processing System (GAPS). The major component

of a Surveillance, Correlation, and Tracking (SCAT) system based

on the Monotonic Logical Grid (MLG) algorithms are shown in

Figure 1. The use of the MLG to organize the inflowing contact

reports and sort out the large number of real sources from the

many false sources and the redundant observations of the same

source by different sensors, is described below. This Battle

Engagement Area Surveillance Tank (BEAST) project, based on

multidimensional MLG data structures, serves several important

military purposes:

1) It would develop a 30 MLG monitoring 'tank" in which the

location and relationships between evolving tracks and

identified participants can be maintained and updated in

real time. This capability serves to define the engage-

ment area and would be a central software component in

all engagement area simulations and real-time correla-

tion analyzers.

2) It would develop a 4D MLG sorting "tank" for sorting

and analyzing the relationships between incoming contact

reports, evolving tracks, and identified participants in

real time. This tank would contract the data base

2
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dynamically as tentative correlations and track

identifications are made. This feature distinguishes

the proposed simulator from any other battle management

system.

3) It would provide a variable-parameter, monitored

engagement area simulation capability for testing

algorithms, software systems, and even new hardware

interfaces. This capability would also be pushing back

the envelope on performing the necessary computations

fast as needed as parallel processing breakthroughs can

be accommodated.

4) It would provide a valuable data base on distributed,

fault-tolerant system integration to accomplish complex,

military objectives.

5) It provides a simple, systematic method for archiving

the incoming data and the resulting identifications/

decisions. This capability allows rapid backtracking

when valuable, time-late data are received and follows

from the structure and dynamics of the 4D MLG sorting

C and analysis tank.

There are several levels of simulation involved in this

project. Simulations of engagements can be run on the entire

system with the GAPS 3D tank developing the opponent scenario and

monitoring the analysis and decision-making procedure. The system

could be used to perform confrontation and battle simulations as a

training device. It could also be used to simulate an operational

3
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system or to test peripheral component systems such as sensor

interfaces, distributed data base updates, etc. in a relatively

realistic environment. The BEAST could also be used to develop

strategy and policy regarding possible future systems. The BEAST

will be a breadboard for the computationally intensive parts of a

real battle management system, an engineering simulation of the

system that would be used in a real engagement. In particular,

the speed of critical algorithms could be assessed to super-

computer standards and in parallel/computing environments.

The new MLG approach, developed by the Laboratory for

Computational Physics for molecular dynamics, provides a new tool

for attacking this class of problems. It simplifies the analysis

of the overall SCAT problem because it provides a consistent

viewpoint on the necessary components of the system and how they

must interact to speed processing the data significantly. A

quantum jump forward of three orders of magnitude is projected,

two from the efficiencies and reduced computing load made possible

by the MLG algorithm and one from the new parallel strategic

computing architectures.

Figure 1 depicts the major elements of the SCAT problem

inherent in battlefield management. An array of sensors,

indicated as round dots, samples the actual 3D battle volume or

"ground truth" in the region of interest at various times "tsi"

where the index "a" corresponds to a particular sensor and the

index i - 1, 2, ... , n, identifies the times at which observations

for that particular sensor take place. The observar.ions by sensor
4
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s at a time t produce a number of "contact reports," each of which

corresponds to specific locations x, y, z, within the battle area.

The index "i" labels a particular contact report which has been

produced by the sensor "s."

Each contact report possibly corresponds to a prospective

target. One can expect no sensor to detect all of the targets

which are present in the engagement area, and some number of

contact reports will correspond to objects other than targets of

interest. In addition, the locations and times specified in each

contact report have associated errors or uncertainties which

depend on the properties of sensor s, the environmental conditions

which the sensor encounters at time tsi, and the relative location

of the sensor in the battle volume. These errors will be part of

the data provided as contact reports and thus will pollute the (

correlation of specific contact reports with each other as

distinct views of the same object provided by the array of sensors

being used. The goal is to determine, as accurately as possible,

how many things are there and their characteristics, what the

detailed spatial configuration of combatants is, and what their

velocity or course is at the present time t based on all the

observations at previous times (tsi). The key performance factors

are the frequency of observations by each sensor, the completeness

and reliability of the information which each sensor provides on

each target, the mathematical, algorithmic, and practical

efficiency of the programming, and the time required by computers

to process the available information.
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As shown in Figure 1, the processing of sensor data occurs in

two major computational activities connecting four distinct

software and hardware systems. First, the data must be indexed

according to times and spatial locations of all observations.

That is, the contact-report labels x, y, z, t must be translated

into indexes i, j, k, I for storage in a four-dimensional "tank."

We define a "tank" as an active, random access data structure

which is continually restructured to adapt to the changing

configuration implied by new contact reports, known combatant

motions, or projecting correlated tracks. The 4D tank (an MLG

data structure similar to the 3D MLGs used in molecular dynamics

by the LCP) evolves primarily in response to new contact reports.

The computer system which serves as the hardware portion of the

tank will have specific, limited capacity. Thus as new data enter

the 4D tank, the oldest data must be dumped into an archival

storage system (OATH). The MLG algorithms are ideally suited to

this archival requirement because the earliest plane is a 3D MLG

which can be moved in bulk.

The second step in processing must involve the cooperation of

"expert" systems, pattern recognition, associative memory, and

other computational decision aiding or decision making to

interpret and evaluate the sorted contact reports in the 4D tank.

Again the MLG ensures the instant availability of all the data

required for detailed local calculations of a type which will

occur with high frequency (e.g., fusing seven radar observations

of one target in the presence of additional targets passing at

slightly different angles and speeds). The composite analysis of

7
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the geo-temporally possible "interactions" of the contact reports,

as efficiently determined by the MLG, determines a projected

estimate of the real situation, the "ground truth," at the present

time It." The MLG approach does not say how to do this "thinking"

but it does say how tp screen out significantly the amount which

must be done, it gives an efficient framework to do the screening

against, and will provide a networked operating simulation system

within which varied methodologies can try their hand at high level

screening.

The projected locations of known objects and inferred target

tracks, i-.e., the "answers," will be entered into another MLG data

structure, a 3D surveillance tank, which stores the instantaneous

best estimate of what the real configuration is as time passes.

"Battle managers" access the reduced data set stored efficiently

in the 3D tank to form strategies and to calculate a response to

threats. The faster the bulk sorting and preliminary analysis of

contact reports takes place, the faster the multisensor fusion £

will be accomplished and the more recent will be the observations

which can contribute to that analysis, and the more accurate will

be the estimate of present "ground truth" which resides in the 3D

tank.

The analysis of 4D contact report data requires identifica-

tion of contact reports which are the (geo-temporal) near

neighbors of each contact report in the tank. Similarly, battle

managers using the 3D tank must have information showing the geo-

graphical near neighbors of a given target in order-to respond to

the threat most effectively. Rapid computing of geo-temporal or

8



geographical proximity is hampered by the poor N2 scaling inherent

in the need to determine N(N - i)/2 distances between a total of N

contact reports (4D tank) or N projected target locations (3D

tank). For large numbers of targets this represents a combinator-

ial explosion which must be contained from the very onset of the

battle management activity. The MLG algorithm accomplishes the

containment in three ways:

1) The MLG automatically orders the 4D and 3D data struc-

tures so that adjacent indices in the data structure

must correspond to contact reports and target projec-

tions, respectively, which are near neighbors. Data

access is then the most rapid possible on a given

computer system.

2) The speed at which the MLG data structures are

determined scales as N log N, so that the calculation of

the near neighbors of any contact report (4D tank) or

target projection (3D tank) is N/(log N) times as fast

as by other methods. This amounts to an improvement of

more than two orders of magnitude in processing speed

for the number of targets being considered by SDI.

3) The MLG algorithm seems ideally suited to future compu-

ter systems which rely on parallel processing using both

distributed control with asynchronous processing and

localized control with synchronized processing.

Figure 2 describes more specifically the MLG simulator toward

which this proposal is directed. The simulator makes substantial

9
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use of equipment which has already been acquired by the Laboratory

for Computational Physics (LCP) or the Naval Research Laboratzrv

(NRL) and equipment which is deliverable to NRL in accordance with

other funding. The elements of the system are as follows:

1) The LCP GAPS provides a 3D tank for the real-time

representation and modeling of ground truth and would

also provide the simulated raw sensor data for

incorporation into the 4D tank described above. This

capability thus serves to define the engagement area and

would be a central software component in all engagement

area simulations and real-time analyzers.

2) The Battle Engagement Area Surveillance Tank (BEAST)

project would develop a 4D MLG for sorting and

organizing incoming contact reports in real time. The

structure of the MLG algorithm ensures the user that

each contact report is stored logically adjacent to the

other reports which are nearest it in space and time in

the battle area volume. This allows the most rapid

analysis and correlation of data by the expert systems.

0 We anticipate that the DARPA Thinking Machines

Corporation (TMC) Connection Machine (CM), which will

arrive by early 1986, will ultimately serve as the 4D

tank.

3) The NRL Cray X-MP will perform the track analysis and

correlation functions along with other networked

systems. The interaction between the Cray and other

(expert) systems co-resident in the NRL network is

11
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depicted in Figure 2. The results would be stored and

displayed through a 3D MLG surveillance tank, also in 4

the Cray. Specifically, the 3D tank would contain the

projected battlefield situation for the present time

"t.* The Battle Manager" would access this information

in several ways. we currently envision using graphical

systems based on the asynchronous, interactive software

package VOYEUR. Such a display system is currently

operational on the LCP GAPS, using multiple array 0

processors executing concurrently on a complex

multidimensional fluid simulation. C

C
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More detailed descriptions of the major elements of the MLG

approach and restructuring algorithms appear in the following

references.

"A Vectorized 'Neighbors' Algorithm of Order N Using a Monotonic
Logical Grid," by J. P.. Boris, presented at the 26th APS PPD,
October 29-November 2, 1984, Boston. Bull. Am. Phys. Soc. 29 (5),
Paper 4F9, 1262 (October 1984).

'A Vectorized 'Nearest-Neighbors' Algorithm of Order N Using a
Monotonic Logical Grid," by J. P. Boris, NRL Memorandum Report
5570 (May 1985).

"A Vectorized 'Nearest-Neighbors' Algorithm of Order N Using a
Monotonic Logical Grid," by J. P. Boris (to be published in J.
Comp. Phys.).

"A Vectorized Near Neighbors Algorithm for Organizing Free
Lagrangian Dynamics Models,* by Jay P. Boris and S. G. Lambrakos,
Proceedings of The Free Lagrangian Dynamics Conference, 4-6 March
1985, Hilton Head Island, South Carolina (to be published by
Springer-Verlag).

'Dynamical Organization of Evolving Lagrangian Data Using a
Monotonic Logical Grid,* by Jay P. Boris and S. G. Lambrakos,
Proc. of 1985 Summer Computer Simulation Conference, 22-26 July
1985, Chicago.

'A Vector Near Neighbors Algorithm for Organizaing Free Lagrangian
Fluid Dynamics Models Using a Monotonic Logical Grid,' by
Jay P. Boris, Proc. of the International Symposium on Computation-
al Fluid Dynamics, 9-12 September 1985, Kenchiku Kaikan, Tokyo.

'Geometric and Statistical Properties of the Monotonic Logical
Grid Algorithm for Near Neighbor Calculations," by S. G. Lambrakos
and J. P. Boris (submitted to J. Comp. Phys.).

'A Vector Algorithm of Order N Solving the Near Neighbors Problem
in Manybody Particle Dynamics," by S. G. Lambrakos and
J. P. Boris, Eleventh International Conference on Numerical
Simulation in Plasmas, Montreal, Canada, June 24-27, 1985.
"A Highly Parallel Near Neighbors Algorithm of Order N Based on a
Monotonic Logical Grid,' by S. G. Lambrakos and J. P. Boris,
Second SIAM Conference on Parallel Processing for Scientific
Computing, November 18-21, 1985, Montreal, Canada (to be published
in the Pmoceedings).

'A Vectorized Near Neighbors Algorithm of Order N for Molecular
Dynamics Simulations," by S. G. Lambrakos, J. P. Boris,
I. Chandrasekhar, and B. Gabor, International Symposium on
Computing in Chemistry, New York Academy of Sciences, October 2-4,
1985.
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ABSTRACT

'When a large number of separate objects interact, N*(N-1)/2 inter-

actions can occur. At any instant a given object may interact strongly with

only a few of the N - I others. Unfortunately, keeping lists of the other

objects with which it interacts or recomputing these nearest neighbors each

timestep is computationally expensive. This "nearest-neighbors" problem has

persisted in computational physics and computational geometry for several

decades. We need efficient algorithms which select important nearest- S

neighbor interactions without having to check and analyze N2 interactions.

To date the best algorithms which scale as N, rather than N2 , are scalar

algorlthms which address memory randomly. -

This report introduces an efficient 3D nearest-neighbors algorithm

w ose cost scales as \ and which vectorizes easily using data from
C:

contiguous memory locations. A Monotonic Logical Grid (MLG) for storing the

object data is defined dynamically so that objects which are adjacent in .

real space automatically have close address indices in the compact MLG data

arrays. The data values for each object are stored at a location (i,jk) in I
the fLG such that the X positions of all the objects increase monotonically

with index i, the Y positions increase monotonically with index J, and the Z

positions increase monotonically with index k. Such a well-structured

mapping from the real positions to regular, compact data arrays can always

be found. Further, when object motions result in a local violation of

spatial monotonicity, another MLG always can be found nearby. This means

that local changes in the object positions and hence spatial ordering do not

trigger global changes in where these object data are stored in the MLG.
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The data relocations required to maintain the .flSC as objects pass each

other in space can also be vec:orized efficiently. The M1EC algorithms will

execute effectively in small array processors and partition to take

advantage of asynchronous parallel architectures in VLSI/VHSIC-based

supercompucer systems of the future. Using a commerziaily available

distributed processing system, 5000 interacting objects could be monitored

and the HLG data base updated and restructured thousands of times in about

15 minutes, fast enough to be useful for real time applications as well as

physics simulations.
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SECTION I. INTRODUCTION AND BACKGROUND

When X independent objects interact in space, N(N-1)/2 interactions I

might be important in determining how a given object reacts to the others at

any instant. Usually exact positions and velocities of the neighboring

objects must be known. Xnowing statistical averages and the general

properties of the distribution of objects nearby does not provide enough

data to compute local interactions accurately. At any instant a given

object may interact strongly with only a few of the others. Unfortunately,

keeping track of or repeatedly recomputing which ones are near neighbors is

computationally expensive. The goal is efficient, simple algorithms which

select the nearest-neighbors without a computational premium scaling as N2.

Effort on the nearest-neighbors problem has persisted in computational

physics and computational geometry for several decades. This report

introduces an efficient 3D nearest-neighbors algorithm whose cost scales as

N and which vectorizes easily using contiguous memory locations.

An efficient vector solution of the nearest-neighbors problem would

advance many important applications. For an important class of molecular

dynamics problems involving interactions among many atoms and molecules, the

nearest neighbors exert the strongest forces and are the most likely

candidates to anter into chemical reactions. Many important physics

problems in gases, =qauids, solids, and transitions among these phases

require detailed manybody calculations where the close encounters are most

important.
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For graphics based on vertex-edge representations of complex 3D shapes,

local relationships and orientations of nearby vertices decerine which

surfaces are visible. It is clearly advantageous to be able to construct a

ZD image of a co=plex 3D scene, for example, using the parallelism made

possible by Very Large-Scale Integration (VLSI). Terrain management

simulation models and multi-dimensional radiation transport models are

currently limited in their ability to compute geometric obscuration. For

controlling airline traffic over crowded airports, collisions with nearby

planes are the most immediate danger - and demand shorter timescales for

detection and corrective response. These applications all require rapidly

updating many distinct local configurations as the objects move.

For complex manybody problems with N - 5000 independent objects, more

than thirty thousand of degrees of freedom are required, and 12.5 million

interactions exist which ideally ought to be considered. Current

supercomputers deliver "50 Megaflops (million floating point operations per

second) on optimized but realistic problems. The straightforward

recalculation of all interactions requires about 60 vectorizeable operations

per interaction, or 10 - 15 seconds of dedicated supercomputer time. This

is not fast enough for real time applications where the data base should be
C

updated and the neighbors recalculated every second or two.

Note added in proof: A second report by Lambrakos and Boris has been

prepared on the geometrical properties of the MLG method in which statistics

and performance are discussed. This report has been submitted to the Journal

of Computational Physics and will appear as an NRL memorandum report. The

technique is being used in molecular dynamics calculations in three dimensions.
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This report introduces a simple three-dimensional nearest-neighbors

algorithm whose cost scales as N, not as the square of N, and which

vectorizes easily using data from contiguous memory locations. A compact 6

data structure to store the object data, called a Monotonic Logical Grid

(:LG), is defined dynamically so that objects which are adjacent in real

space automatically have -lose address indices in the MLG data arrays as

well. As two objects move past each other in space, their data are

exchanged or "swapped" in the MLG data arrays to keep a strictly monotone

mapping between the geometric locations and the corresponding storage
location indices.

To construct an MUG the data values for each object are stored at

location (i,j,k) in the fLG such that the X positions of all the objects

increase monotonically with index i, the Y positions increase monotonically

with index J, and the Z positions increase monotonically with index k.

Section III describes the algorithm in some detail.

It is not obvious but it is true that such an organized logical 0

ordering of even random locations can always be found. In Section III an

order N log N constructive algorithm for one such HLG is provided proving

existence. Generally more than one MLG meeting all the monotonicity 0

condi:ions seems to be possible so the technical problem of selecting the

optimum .LG for a particular application has to be addressed. In one case,

minimizing average distances to neighbors in the MWI may give the best grid. •

In other problems it may be best to maximize the shortest distance to any

point which is not a near neighbor in the logical grid.

(
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Further, when object mo:ons result in a local violation of :he

monotonicity conditions on which the original MI.G was based, another M.LG can

be found nearby. This means that local changes in the object positions and

hence spatial ordering do not trigger global changes in where these objec:

data have to be stored in the MLG. The data relocations to maintain the .!-MG

as objects pass eac6 octer in space can be vectorized without inefficient

gather/scatter operations or variable-length (scalar) linked lists. The %G

data structure and algorithms allow contiguous-data vector operations which

are long enough to be efficient for physical force sums, for F - Ma orbit

integrations, and for the object data "swapping" used to restructure the .MG

whenever the -monoronicity conditions are violated.

The cost to execute a simple test version of the model is one hour on a

DEC VAX 11/780 for one thousand particles for 1000 timesteps. We used a

power series force law for the 124 nearest neighbors, assuming that the

average particle separation distance is smaller than the cutoff radius S

Re of the force law. A commercial distributed processing system, a

minicomputer host with modest a! ay processors, would be fast enough using

an MLG to integrate 5000 interacAing objects and restructure the data base 0

thousands of times in about 15 minutes, useful for realtime applications

where current supercomputers using other algorithms will be inadequate. The

MLG also permits partitioning to take advantage of asynchronous multi- 0

processor parallelism in VLSI/VRSIC-based distributed processing systems

(e.g. Fox and Otto, 1984).

The computational costs of several algorithms and combinations of

algorithms which have been proposed to reduce the cost of finding nearest

neighbors are discussed in Section 11. Section III contains a description
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of the 11LG itself, an O(N log N) sort algorithm to find a starting .G from

arbitrary initial data, and simple algorithms 
which restructure the grid

dynamically as the objects move. Section III also presents a few simple

tests of the method. Section IV considers several extensions. Section V

contains a summary and conclusions.
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SECTION I1. THE COMPUTATIONAL COST OF FINDING NEAREST NEIGHBORS

As described in Section I, brute force recalculation of all the

interactions can be vectorized but is of order N2 and therefore costly. The

best nearest-neighbors algorithms published, Hockney and Eastwood (1981),

are of order N with minimal operation counts. However, these O(N)

algorithms are intrinsically scalar and execute relatively poorly in

parallel or pipeline-architectured supercomputers. Further, memory is

addressed essentially at random so data buffering from disk or virtual

memory for a large problem is time consuming.

in the next few paragraphs the computational costs of simple strategies

to reduce the nearest-neighbors problem are compared. The assumed operation

counts are only representative values since optimal implementations are

always machine and problem dependent (Gunsteren, et al., 1984). There are

too many possible algorithms and variations to compare all of their 0

operation counts. It is even harder to compare scalar and vector

algorithms, something we would like to do in theory here but which can

really only be done in practice. As a rule of thumb, efficient use of the 0

vector hardware in supercomputers or array processors generally produces

over an order of magnitude speed up over reasonably well compiled scalar

code. In some cases the vector speed-up factor will be greater and in 0

others, less.

For problems where the number of near neighbors is large so the

computational cost is dominated by the physical interaction calculations
0

rather than computational book-keeping to find the near neighbors, the

algorithm introduced here calculates two to three times as many interactions

as minimally necessary. This is accepted as the price for simple logic

9 
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and vectorized computation in contiguous memory. This means that a computer

whose vector speed is only a few times the scalar speed may see no

improvement over the Hockney-Eastwood PPPM techniques. In computers where

the vector-scalar ratio is large, an order of magnitude improvement with an

_L.G is at least conceivable; More substantial gains are possible-in highly

parallel multi-processor systems because the MLG algorithms partition

naturally.

Let Not - "60,be the total number of floating point operations

(f lops) used to evaluate each interaction. between two of the N - 5000

objects. The main component of the cost for a timestep will be

-# Flops to compute all interactions - Fcai (

- N x (N x Not)/2 (2.1)

7.5 x 108 flops * 15 seconds/step at 50 Megaflops.

Manybody calculations which compute all interactions have become

prohibitively expensive with even a few hundred objects because thousands of

timesteps are required for complex problem. The operation count per

timestep goes up quadratically with the number of particles N but the

effective resolution only increases as the cube root of the number of

particles. This scaling of cost with at least the sixth power of resolution

is prohibitive. If the number of timesteps also has to be increased when

more objects are simulated, the scaling can be even worse. This brute force

0(N2) algorithm is of interest because it vectorizes and partitions easily

and is exceedingly simple.

Reduction of this computational expense is obtained by computing the

de:ails of the interactions only for pairs of objects closer'than a cutoff

distance R. * This basic nearest-neighbors concept takes its most

10



sophisticated form in the "Particle-Particle-Particle-Hesh (PPM) algori:hms

of Hockney and Eastwood (1981). Faster algorithms and data structures for

implementing this nearest-neighbor approximation have been the subject of

much computational research in the last few decades.

Chec:ing two locations to see if they are within a distance R. of

each other requires about N oc "10 floating point operations. Nine or

ten flops are required simply to calculate the square of the distance

between the two objects and then compare it with the square of Rc.

To calculate the physical forces and swm them for each interaction pair

separated by less than Rc requires

N oi - o- - 50 floating point operations (2.2)

per interaction. This would be enough operations to calculate, for

example, a simple force law with transcendental functions or to estimate a

collision cross-section. If Nn "60 neighbors must be considered for

each object, our formula for the number of flops to compute near

interactions is

# Flops to compute near interations - Fcni

N x (N/2 x Ioc + n N o) (2.3)

- 1.4 x 108 flops o 2.8 seconds/step at 50 Megaflops.

Using the concept of a cutoff radius R. has reduced the operation count

by over a factor of five. Just checking all the interaction distances

requires appreciable time when N - 5000 and Noc is a modest fraction of

11



N0 1. The computational cost still scales as N2 and the factor of five

speedup shown above is largely illusory as it ignores the cost of organizing

the neighboring object data into contiguous vectors for efficient 6

computacion of the physical interactions. If this were not done, the

interaction calculations would have to be performed as scalar operations.

It would be worth organizing these vectors if enough objects interact with

each other on average but this further optimi-zation would be wasted if the

average particle separation distance were bigger than Rc.

In practice the Nnn near neighbor variables have to be gathered

into vectors, costing about Ngv - " 50 flops per neighbor per object.

The vector lengths are also shorter, engendering some additional overhead.

Thus a more accurate estimate of Fca L is C

Flops to compute near interactions w Fcni

N x (N/2 x Noc + n (Nv + N oi)) (2.4)

- 1.75 x 108 flops - 3.5 seconds/step at 50 megaflops.

Reducing the number of nearest neighbors used does not help much as long

as cutoff radius checking is being done for all possible inter-actions. In

fact, as long as this is done, it hardly hurts to double the number of

neighbors kept for calculating the interactions. Clearly, too much time is

spent checking interaction distances which are too large to be significant.

It is natural to consider updating the lists of near neighbors less

often. If the O(N2 ) selection of near neighbors is only done every

Nsc a "2.5 cycles, the cost for this portion of the algorithm is

reduced. However, there are additional costs and N., cannot be very

12
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large. The number of near neighbors has to be augmented to allow for motion

of particles near Rc into and out of the cutoff region. This increase is

roughly the same as the relative volume change due to particles moving into

and out of the sphere of radius Rc during the Nsc steps between

reconputation of the near neighbors lists. Let an average particle travel a

small fraction f of Rc per timestep. The sphere of near neighbors will

increase in volume by a factor of (1 + f x Nsc)3 in the N steps

until the neighbor lists are updated. When the sphere has roughly doubled

in volume, a radial change of 25%, the lists must be updated since most of

the neighbors will have changed. Thus, with f - 0.1

N - .25/f - "2.5 (2.5)0
sc

and N must be multiplied by (1 + f x N )3 - 2 in the above formula to
nn Sc

give

Flops to intermi:tently recalculate neighbors - Firn

- N x (N/2 x N /N + N x 2 x (N + N o)) (2.6)oc sc a gv o

a 1.1 x 108 flops - 2.2 seconds/step at 50 megaflops.

Al:hough the N2 search is a factor of 2.5 less important, counteracting

effects eat up some of this gain. If f were reduced to 0.01, probably

reasonable for molecular dynamics simulations, some additional gains could

be realized. However, these would be better by less than a factor of two

13



because the cost is now in computing the near interactions as it should be.

In other applications, however, there would not necessarily be a need to use

the short timesteps required by physical simulations such as molecular £ ,

dynamics.

The only way to avoid the N2 premium is to update the nearest-neighbors

list of each object using objects in a volume larger than would be required

for an interaction cutoff of Re but much smaller than the entire system.

Hockney and Eastwood define a PPPM "chaining mesh" where d% - dY

dZ - Rec and check distances to objects known to be in only the nearest 13

- (33 - 1)/2 cells. Only these particles 'might be within Re of a particle

in the chaining cell under consideration. On average only about 40% of the

particles in these 13 cells are actually within R c Taking L as a typical

system dimension, there are Ncc ( c/L)3 particles in each of the

PPPM cells. The number of cutoff distance checks performed in a timestep is

then

# PPP41 checks - N x 13 x Ncc* (2.7)

In the PPPM formulation, when Re is twice the average spacing, a typical

particle has its distance to 104 other nearby particles checked (13 cells x

8 particles per cell). The corresponding number in the MLG would be 62 if

all interactions within two grid displacements in any direction are kept.

This nominal factor of two gain in the MLG approach is lost again because

all the interactions would be calculated to maintain vectorization rather

than only 40% as possible with the scalar PPPM algorithm. The real gain is

the ability to use efficient, contiguous memory, vector operations

14
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throughout the MLG algorithms and to cleanly partition the problem into

computational subtasks.

The operation count for the overall MLG algorithm developed next

in Section III is also problem dependent. Using typical simulation

variables summarized in Ta'ble 2.1 below, the cost of the MLG in vector

floating-point operations to execute a timestep, exclusive of the rela-

tively inexpensive orbit calculations, is

# Flops for the Monotonic Logical Grid algorithm - FMlg

= N x (N X N for neighboring object interactions (2.8)nn ot

+_3 x Nsi x N os) for swapping iterations in X, Y, Z

- 2.25 x 107 flops * - 0.5 seconds/step at 50 megaflops.

Here Nsi - "4 is the number of iterations of vector swapping performed

over the entire grid to restructure the MLG after the object positions

change each timestep. Nos f "60 is the number of floating point oper- p

ations to execute a single swap of two objects in the MLG. In the next

section the concepts and details of the Monotonic Logical Grid Algorithm are

presented.

C
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Table 2.1. Tvpical Values of Manvbody Simulation Variables

N - 5000 - # of objects interacting in space

N - "60 - # operations per vector swap in MIG algorithms

Ns s4 - average I of vectorized swapping iterations to

relocate object data in the LG

N - 60 - # of near neighbors usually included in the inter-
nn

action calculations

N - -10 - 4 of flops to check distance between two objectsoc

N - "50 - # of flops to interact two objects

Not - 60 - # of flops total to compute an interaction

N - -50 - equivalent # of arithmetic flops to gather
gv

neighboring object data from random locations

in memory

N - "2.5 - # of steps between recomputation of the nearest-Sc

neighbors lists in scalar algorithms

N - of objects in the average cell of PPFH chaining
cc

mesh.

1
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III. THE MONOTONIC LOGICAL GRID ALGORIT1

A Monotonic Logical Grid (MLG) is a simple, compact way of indexing and

storing the data describing a number of objects moving in space. For N

particles in three dimensions, the arrays of object locations, X(i,j,k),

Y(i,j,k), and Z(i,j,k), constitute an MLG if and only if

X(i,j,k) < X(i+1,j,k) for 1 < i < NX-1,

Y(i,j,k) < Y(i,j+1,k) for 1 < j I N Y-I, and (3.1)

Z(i,j,k) < Z(i,j,k1v) for I < k < NZ-l.

Given N - NX*NY*NZ random locations, the spatial lattice defined by an LG D

is irregular. However, the cells defined by logically neighboring locations

are distorted cubes and thus form a useful consistent partitioning of the
C

spatial volume. When the N object locations satisfy Eqs. (3.1) and any

additional constraints or relations specifying other than infinite-space

boundary conditions, they are in "'.MLG order". This ordering is useful

because the direction for going from one object to another in space and in

the MLG are the same. Further, other objects which are between two objects

in bpace will also be between them in the HLG. Thus neighbors in real space
C

have neighboring address indices in the MLG as well.

Figure 3.1 shows three different spatial configurations of 16 objects

in the lower three panels. The objects are ordered into four rows and four

columns in each of these configurations corresponding to regular storage of

the object data in the two-dimensional MLG shown above. The cells of the

MLG move with the objects and thus always have exactly Qne object in them.

When all the objects move to the upper left of the region, as in the

lower right panel, the MLG is just as regular as when the objects

17
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are uniformly spaced. This mapping of irregular locations onto a very

regular data structure is what permits optimal use of vector and

multiprocessor hardware.

Figure 3.2 illustrates several different MLG mappings of the same 16

object locations. The upper left panel shows the 16 locations in a regular

spatial lattice. The obvious numbering of the locations into four rows of

four objects each is an HLZ because the X and Y components of all the object

locations (dots) increase monotonically with the X and Y indices, i and J.

In the remaining three lower panels the locations have been displaced from

the regular spacing. Each of these panels contains the same data, but the

MLGs for storing these data, as indicated by the logical mesh lines, all C

differ. The lower left panel is a recognizeable distortion of the regular

grid above. The indexing of the objects would be identical in both cases

although the actual data stored would differ somewhat since the objects have

moved away from their regular locations. The lower center and lower right

panels show different logical indexing for the same physical data giving two

other Monotonic Logical Grids (MLGs). In the center the connections to

points in the second row from above and from below have all been displaced

to the left. On the right, the connections to the second column from

objects located logically in columns one and three have been displaced

downward.

These figures show that there can be a number of MLGs with the same

Lagrangian object data, all satisfying the required monotonicity conditions

from Eqs. (3.1). These spatial monotonicity conditions constitute

3N - ,xNY - NYxNZ - NZxNX numerical comparisons which can be performed to

determine if a particular organization of the object locations is in M.G

18
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order. For each dimension of the desired data structure such a monotonici:y

condition can be defined.

In space the coordinates can be rotated or redefined and this

corresponds to a different family of .n.Gs. The monotonicity conditions may

not change in the new coordinate system but the object location coordinates

will. Even if the coordinate system is held fixed, the object motions will

quickly invalidate at least some of the relations (3.1) requiring a

reorganiza:ion of the object data in the arrays to store a completely

monotone mapping. Using the monotonicity conditions, a given data structure

can be checked efficiently to see if the locations are in MLG order.

However, additional algorithms are needed when MLG order is violated.

If the objects are not in MLG order, the following algorithm using a

vector sort routine O(N log N) can be used to rearrange them. First sort

all N locations into the order of increasing Z. The first XX x NY of them,

should be indexed k - 1, and sorted into the order of increasing Y. The

first NX of these, should be indexed j - 1 and then sorted into the order of

increasing X. These objects are indexed from i - I to i - NX. The next \"

locations, indexed J - 2 but still k - 1, are again ordered and indexed from

i a 1 to i - NX. This procedure is continued until the first NI x NY plane

of locations has been arranged. Since the locations were initially ordered

in Z, the subsequent reorderings within the k - 1 plane cannot disturb the

monotonicicy conditions relating the first plane to any subsequent

reordering of the second and subsequent planes. Similarly, all the

locations will satisfy the monotonicity conditions in Y and X as well.

Once the first plane is ordered, the next NX x NY locations are indexed

'k - 2, and the .LG ordering within this plane is constructed just as for the

first plane. All NZ planes are organized this way. The process requires of

order 19
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NZ ' NN x NX x (log NZ + log NY + log NX)

+ NZ x (NY X NX x (log NY + log %X) + NY x MX x log NX) (3.2)

- NZ x NY x NX x (log NZ + 2 log NY + 3 log NX)

operations to construct the MLC. This sort algorithm could be repeated

every timestep as necessary to restructure the MLG when object motions in 0

one of the three coordinate directions cause some of the conditions (3.1) to

be violated.

The existence of this constructive algorithm proves that at least one C

MLG for even random locations always exists and that it is not hard to find.

As a consequence, data manipulation and summation algorithms in the MLG can

always assume the rigorous spatial monotonicity of the MLG. When several C

object locations are identical, any ordering the sort procedure comes up

with is correct as the conditions (3.1) are satisfied. Locally degenerate

grids are possible when several locations overlap. C

Although this algoritl, is fast, it has two limitations: it is of order 0

N log N, not N, and it may move data a long distance in index space to

correct even small changes in position. To counter these objections, an

order N algorithm is described which executes local but vectorizeable 0

exchange or "swapping" operations on the MLG data to restore monotonicity

everywhere. The extra factor log N is removed because small monotonicity

upsets from the previous set of locations generally do not require

information from the other side of the grid for their correction.

If two objects move less than a typical separation distance per

timestep, a condition generally required for accurate integration of the 0
equations of motion, a few iterations are usually enough to restore MLG

order. A "swap" is executed by testing the conditions in Eqs. (3.1), and

20
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then, when the corresponding monotonicity condition is violated, exchanging

the locations in the logical grid of all data pertaining to the two objects

involved. Each direction is checked separately. A red-black algorithm

(Adams and Jordan, 1984) would allow at least half the tests in a given

direction to be performed simultaneously and thus vectorized while

converging as fast as a scalar iteration.

No more than five arithmetic operations are required to test for

monotonicit7, and to prepare to swap any amount of data. A floating point

0.5 is logically "or"ed with the sign bit of the coordinate difference to

obtain a number S which is 0.5 if the two coordinates are in .LG order and -

0.5 if they are not. This takes three operations. Two more operations give

the weights w and (I - w) where

w S * 0.3, (U - w) - S - 0.5. (3.3)

The weight w is unity when the coordinates are in order and zero when they

are not. If the test X(i,j,k) < X(i+lj,k) is being performed, the X

components of the object locations can be exchanged using the following

formulae (six operations):

TCi,j,k) - w x XJ,k),Q
U(i,j,k) - (1 - w) x XCi,j,k), (3.4)

XCi,j,k) - Ti,J,k) + ( - w) x X(i+1,J,k), and 0

X(i+1,j,k) - w x X(i+l,j,k) + U(i,j,k).

When the locations are in MLG order, the swapping formulae change nothing.

When two locations are out of order, these formulae interchange the object

data on the '--G so they will be in order for the nex: iteration. All object

data at every grid point can be treated identically with this procedure.
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The algorithm vectorizes easily even though some of the pairs of objects

have to trade places in the MLG and others do not.

These six operaclons ust be repeated to swap each data variable stored

in the .LG. As a minimum these include the three components of the object

locations and an identification number, ID#(i,j,k), to mark which of the N

particles currently is at i,j,k in the MLG. To vectorize the complete

algorithm, the velocity components VX(i,J,k), VY(i,J,k), VZ(i,j,k), the mass

M(i,j,k), and another force law constant FC(i,j,k) must also be moved about

dynamically. These nine variables require.54 operations to be moved between

adjacent cells for each swapping iteration. Thus Nos - '60 operations are

required for each iteration in each direction for each object. This is

about as much work as calculating chree components of the force acting
40

between two objects which are near neighbors in the MLG. With Nsi -4

swapping iterations being performed in each direction, the total cost of

restoring the MLG every timestep is about the same as calculating forces

from 12 neighbors. When timesteps are short, this can be reduced even

further.

When the FLG algorithm is used, the cost in vector floating-point

operations to execute the geometric and force summing in a timestep is given

by Eq. (2.8). The speedup expected using this algorithm is large, a factor !C
greater than thirty for 5000 objects. Not only is the N2 dependence removed

but the actual nearest-neighbor interactions can be computed with very high 0

efficiency, comparable to the best order-N scalar algorithms. Only about a

fifth of the computation is expended on maintaining the MLG data structure.

The rest is used in computing pairs of interactions at full vector

efficiency. 4
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The random motion of point particles in a cubical domain is taken as a

test problem to illustrate the concepts. A topologically regular 8 x 8 x 8

3D grid is defined for storing the position and velocity components of 512

randomly located objects. The domain is doubly periodic in X and Y and is

bounded in Z by two reflecting end walls at Z - 0 cm and Z - Z - 8 dZ.
max

A number of short calculations have been perfo -med using this system to test

and develop various aspects of the model. Figure 3.3 shows the first of

eight planes of this 3D MLG, plotting the X and Y locations of the 64

objects currently on that plane. The initial conditions for the calculation

are shown in the upper right, regularly-spaced locations with random

velocities uniformly distributed in each coordinate from -107 cm/sec to +107

cm/sec. The three remaining panels show plots of the 64 locations in the

same MLG data plane at three times. As the objects move in the plane and

between planes, a complicated but clearly structured KLG is always

maintained.

Under a number of different physical circumstances and numerous

different initial conditions the model has been able to find an MLG after

only a few swapping iterations. The average near-neighbor separations

increase somewhat at first over their almost minimal initial values. Rather

quickly, however, random swapping halts the increase of this average

distance to the near neighbors. Tigure 3.4 displays the frequency .....

distribution for the number of swapping iterations required to restore the

MLG after relative motion of the objects has disrupted it. Three cases were

run from the same physical initial conditions and zero-sized non-colliding

particles, with timesteps St - 2.5 xl0- 16 sec, 1.0 x 10-15 s ec, and
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4.0 x '10- 15 sec. The lightly shaded bars in Figure 3.4 correspond to the

intermediate case with 10- IS sec as the timestep. For this case dl m .IAmax

meaning that the fastest particle traverse 1/10 of the regular initial

spacing of A - 10- 7 cm per timestep. The data with unshaded bars,

dla x a .025 1, shows the results when 6t is smaller by a factor of four

and the data depicted with dark bars shows results when 6t is a factor of

four larger, i.e. dl - .4A.max

To interpret the figure consider dl - 0.1A. About 40% of thewax

timesteps (frequency 0.38) required 4 iterations of swapping to. restore the

.LG. Less than 10t of the timesteps required 6 or more iterations. The

average number of iterations required is 4.0 for dlmax = 0.16. When (

dlca= - 0.0254, the average number of swapping iterations is 2.85, about

2T/2. When dla- 0.4 4, the average is 5.0 swapping iterations per

timestep. Thus the actual computational work decreases per unit integration

time with longer timesteps because the number of swapping iterations

increases much more slowly than the timestep increases.

A great deal of swapping goes on in the first few iterations out to the

average number for the particular timestep chosen. For timesteps with

relatively large numbers of iterations 1, the likelihood of this extra work

being required decreases by a factor of two or three for each extra

iteration. These timesteps requiring a relatively large amount of work

contribute very little to the average computation load needed to restore the

MLG because they occur so infrequently.
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In test calculations, with nonzero particle size, forces were

calculated between a given object and the 5 x 5 x 5 cubical nearest

neighbors interaction template of 125 neighboring objects centered on it in

the XLG. Since the interaction has to be computed only once for a pair of

objects and can be ignored for self interactions, the tests had the

following number of near neighbors

N - (5 x 5 x 5 - )12 - 62 - "60. (3.6)

"hen many objects are within the cutoff distance Re, the interaction

template should be extended, perhaps to 7 x 7 x 7. An appreciable fraction

of the forces calculated will be beyond the cutoff distance but this extra

work is compensated by the fact that all the work can now be performed by

vector operations working from contiguous locations in the computer storage.

This gain is typically an order of magnitude or more in speed and is still

worthwhile even if a factor of two or three is wasted calculating

unnecessary interactions.

When objects are far apart compared to the cutoff radius R., only the

13 neighbor interactions from the 3 x 3 x 3 interaction template need be

considered. This number 13 is the same as the number of chaining cells

which have to be considered in Rockney's PPPM data structure to find all

objects within the cutoff radius Rc. Figure 3.5 shows a schematic

rendition of these different interaction templates. Only the half of the

template with index offset larger than zero has to be considered since all

interactions with objects having a lower storage address index will have

25



been" calculated previously. As shown, shells of interaction can be defined

which will correspond approximately to neighbors at different physical

distances. The 16 neighboring nodes indicated with grey squares form the

closest shell. The 30 triangle nodes are a bit further away, on average,

and the 16 circle nodes form the furthest shell of the nearest neighbors

template.

S
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SECTION IV. ADDITIONAL ASPECTS OF MONOTONIC LOGICAL GRIDS

IV.A Possibilities for Further Ootiizaticn

By a fully vectorizeable process of exchanging or "swapping" objects

be:-een adjacent logical cells every few timesteps, the nearest-neighbor MLG

ordering is kept intact even though the objects move from cell to cell.

Thus the method can be applied to gas, solid, and liquid systems using the

same logical structure for problems of interesting size, i.e. 1,000 -

10,000 particles. The MLG algorithms forego a regular grid in space with a

variable number of objects in each cell for an irregular spatial grid which

has exactly one object per cell by construction. This logical

sipli!fication, brought about by the MLG mapping, permits extensive

optimization under current and planned supercomputer architectures (e.g. Fox

and Ot:o, 1984) without sacrificing the generality needed to make it

useful.

Optimization of nearest-neighbor algorithms for particle dynamics is

both machine and problem dependent. Vectorization techniques to achieve

very high rates of computation require that all logical and arithmetic

operations be performed on organized arrays of independent data.

Distributed processing approaches to massive parallelism rely on a number of

self-controlled processing centers operating asynchronously, but according

to fixed rules of cooperation, on an evolving data base. To take advantage

of both approaches simultaneously requires being able to define a number of

vectorizeable segments of the problem which can be calculated independently.

Furthermore, the vectors must be long enough to be computationally efficient

but short enough that the memory needed in each asynchronous processing
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center ks not prohibitively expensive. The MLG algorithms presented in the

previous section can be partitioned for multi-tasking across a number of

independent processors.

To maximize the ler.;th of vectors within each partition when the

typical MLG dimension, " - NY a NZ a N11 3, is only about 20 (8,000 objects)

requires treating a substantial fraction of a plane as a single vector. In

the 8 x 8 x 8 test problem, vectors of length 64 can be used throughout

except for the X-direction monotonicity tests where vectors half as long

would result. This is accomplished by collapsing several indices into one

index and by paying careful attention to the boundary cobditions.

Optimum-computational efficiency results when the lst few swapping C

operations are performed only for the grid points which might have become

non-monotone due to adjacent swaps taking place during the previous

iteration. Reductions of up to a factor of two in computer work to maintain

monotonicity might be obtained by reducing the number of inactive vector

swap attempts greatly at the cost of considerably increased program

complexity. The scalar program to perform the few remaining swaps and keep

track of which few nodes might have had their monotonicity conditions

affected by the previous swaps is complicated. To date, convergence of the

numbet of vector .swapping iterations required has been so fast that this

extra work has not been indicated. -n the future it may be worth the effort

for production calculations.

The same kind of gain can be obtained by triing the near neighbors

template defining which logical neighbors are likely enough to be close

spatial neighbors that they should be included in the vector interaction

calcuarions automatically. When a scalar "clean-up" portion is added to (
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the vector force summing algorithm, the number of logically neighboring

nodes which are always considered :a-, be reduced sig.ificantly below that

required to ensure no close uncounters. Figure 3.5 shows three shells of

logical interactions in the nearest neighbors template, each succeeding

shell taking neighbors which are logically, and usuall7 physically, farther

away.

By keeping track of maximum X, Y, and Z displacements alaong each row,

column, and plane in the nearest neighbors template, a smaller template can

be used with assurance that there will be no close "uncounters". After

perfor-ing the interac:ion analysis on the objects within the vector shell,

4 the boundar1es of the shell can be checked to ensure that objects on the

logical boundary are far enough away spatially. These checks over all the

objects in the grid can also be vectorized. If the template has been pared

- sufficiently to ensure a worthwhile reduction in the number of objects that

have to be considered most of the time, there will generally be a fraction

for which one or more of the neighbors in the vector shell were not far

enough away to ensure that the next neighbor, which is outside the vector

shell, can safely be neglected.

For the few objects which may have spatially close neighbors which are

removed more than two or three locations logically, a scalar calculation can

be performed. It would probably save a factor of two or so in overall

computational cost to reduce the vector shells of the nearest neighbors

template until the scalar cost competes with the significantly reduced

vector cost. The expense of keeping track of X ax, Y max, and Zmax are

minimal, three vector operations per object per near neighbor interaction.

The test to dete=-Ine which few objects require extra (scalar) work is even
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cheaper, a few vector operations per object. Once an object has been found

to require extra work, the scalar search can be extended to whatever logical

distance is necessary to ensure that physically nearby objects do not go

uncounted.

A 5 x 5 x 5 cubical *nearest neighbors template has 62 interactions

which will be considered for each object. From empirical evidence to date

this is adequate provided the critical radius of consideration is somewhat

less than the average separation, here taken to be the original object

spacing. Relatively few close uncounters can occur because neglected

objects are logically at least 3 and generally 4, 5, or 6 nodes away.

Holes can be added to the MLG, locations which move or stay fixed in

space but which don't contain an object. Any object neighboring one of

these holes has one fewer real object in its interaction template because of

the hole but this obvious disadvantage is balanced by the fact that hole

locations can be updated any way necessary to improve the locality and

structure of the MLG. By adding or shifting holes about judiciously it may

be possible to avoid highly distorted HLCs. The holes would be subject to c
swapping with objects just as if they were objects but their equations of

notion can be different and their interacticns with real objects zero.

Figure 4.1 was computed using the 512 particle model with point non-

interacting particles and the complete 5 x 5 x 5 interaction template shown

in Figure 3.5. The volume around each particle was divided into shells of

thickness 1 Angstrom and the number of particles in each radial shell was

counted for particles logically outside the 5 x 5 x 5 template to determine

how often "close uncounters" occur. A close uncounter occurs when an object

ge:s close physically to another object without coming within the KLG

30



nearest-neighbors template and thus ensuring that the in:erac:ion is

"counted" in the vector sum. Concentrating first on the common features of

the two physically identical calculations shown in the figure, we see that

probability of an uncounted particle penetrating the interaction volume

droos off very rapidlv as the distance becomes small and hence the physical

interaction would be important. It is one hundred times less likely to find

an undetected particle coming within 10 Angstroms than to find one coming

within 20 Angstro=s. It is another one hundred times less likely to find

one coming with 5 Angstroms and no close uncounters were ever found less

than about 3 Angstroms.

The problem was repeated with a ninth plane of 64 locations added to

the calculation for holes. The holes were given the average location of

their six nearest logical neighbors as a propagation law and rapidly mixed

throughout the volume with the particles. As can be seen, the probability

of unrecorded close encounters is essentially unchanged. In this test, at

least, holes don't seem to help much. This is probably because the

-propagation law used took no detailed account of local grid irregularities

signalling a possible "close uncounter" problem. Clearly research is needed 0

to refine this generalization to the point where it appreciably optimizes

the TG representation.

IV.B Fluid Dynamic Applications of the MLG

A few words about the application of the MLG to Lagrangian fluid

dynamics is appropriate here. Each node of the grid can be identified with

a fluid or vortex element. The advantage is in having a regular grid

available to solve the physical evolution equations. Elliptic equations,
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for example, become amenable to highly efficient, vectorized multigrid

methods (DeVore, 1984) on regular Nx x Ny x NZ grids even though the

fluid elements themselves move randomly. Two-dimensional and four-

dimensional problems can be handled just as easily by the same methods.

Work is needed telling how to evaluate spatial derivatives accurately

on the distorted MLG. When points are far apart spatially, the fluid cannot

be as accurately represented as when they are close. To keep the resolution

more nearly uniform than the specific fluid flow may be capable of, it can

become necessary to remove nodes where they are crowded and to inject then

elsewhere to better resolve some regions. To do this in the MLG involves

finding a fluid element which can be merged with a larger one nearby in a

manner which conserves mass, momentum, and energy. This frees up a

location which can be "shifted" to the correct row, column, and plane to

improve a deteriorating local resolution. The process in 2D is quite

analogous to the operations needed to order sliding tiles numbered I to 15

in the 4 x 4 spaces of a popular cbild's game. The hole is shifted to the

place where it is most needed.

After a shift operation, the same as an ordered series of swaps, it is

likely that local swapping may be necessary to reestablish monotonicity.

Shil-tng a line in one direction may well trigger swaps in the other two

0 directions, so the real cost of adding and subtracting Lagrargian nodes

locally to control resolution has to be measured (or estimated) for each

configuration being considered. Certainly the specific additions, deletions

and shifts will have a significant scalar component of computation. It does

not make sense to execute a vector swapping iteration over the whole grid

unless a significant fraction of the objects are being swapped. Rowever, as
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long as at least 5% of the objects are being moved, the overall vector

swapping iteration probably pays.

For comparison consider another free Lagrangian approach, the

Lagrangian Triangular (Tecrahedronal) Grid (Crowley, 1972; Boris and Fr:::s,

1975; Fritts and Boris, 1979). In this approach the logical grid structure

varies in tine as the nodes move. The number of nearest neighbors can vary

from node to node and the number and identity of these neighbors can vary at

a given node as the Lagrangan configurations change. This extra freedom,

not allowed in the M1C, is used to maintain a local grid structure optimized

to guarantee diagonal dominance of the simplest conservative finite-

difference elliptic operator. The price is the loss of local order in the

grid and hence no vectorization.

Generalizing this Lagrangian Triangular Grid (LTG) to 3D is

straightforward but operationally very complicated. The grid is composed of

0
adaptively restructuring arrangements of tetrahedra in this case. The local

grid structure can still be changed as needed to maintain diagonal dominance

of the elliptic operator and resolution can be increased or decreased

locally as needed. Scalar linked lists become a necessary evil to keep

track of nearest neighbors though the resulting algorithms are still of

(order N.

Clearly the local spatial structure of the MLG is not as "good" as in

the generally structured LTG but the global structure compensates for this.

The monotonicity conditions specify a meaningful and useful relationship

between spatial derivatives and grid differences. As a result, fluid flows

with long range correlations, unlike the random particle motions used in

earlier tests, may lead to an additional computational expense at specific
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times. • In the smooth flow of large rotating and translating vortices, an

initially rectilinear grid might survive many timesteps before any of the

local monotonicity constraints are violated. Nearby poi.nts would move in

almost the same way. Once the fluid rotates far enough, however,

monotonicity violations would have to occur. Because of the long range

correlation of the motions, a number of swapping iterations may be necessary

to reset the MEG.

In a turbulent flow with coherent flow structures at several spatial

scales, we can expect intermittant bursts-of swapping activity from

different scales at different temporal frequencies. Small coherent

structures in the flow require fewer swapping iterations to restore

monotonicity but will require them more often than large structures when the

rotation rates are higher. Though the integrated number of these swapping

iterations is large, it is unlikely to be larger than the number of swaps

required for random object motion with the same typical distances p

traversed.

The strong possibility exists that statistics on the number and

frequency spectrum of grid swaps may prove to be a very good diagnostic of

the progress of turbulent mixing and flow interpenetration. Each swap can

be viewed as a single quantum of geometrical upset. The object swapping

process is necessarily iutermittant and thus presents the possibility of

easy integral measures of local intermittancy and turbulence spectrum.

Studying the object swapping time series might provide a very direct way of

diagnosing such fluid simulations for the onset and character of chaos.
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IV.C Other Aoolicatrons of a Monotonic Logical Grid
S

The 14LC suggests itself for use in mul:iphase fluid problems. Each

grid node could be used : represent a droplet in a spray or a grain of sand

in a sandstorm. Droplets could have varying sizes which increase or

decrease in time due to local surface effects like condensation,

evaporation, or abrasion a.,d all the droplets would not have to be

simulated. The accumulation of temporal averages over times and distances

short compared to changes in the background flow means that only a small

fraction of all the droplets or particles would have to be followed in the

Z.G to get a good estimate of the interactions of the whole distribution of

particles with the background gas.

Collisions of two drops could occasion merging or fragmentation. The

.MLG can accomodate either by shift operations which transport nodes from

where they are no longer needed to new sites where fresh droplets are formed

or enter the system. The gaseous background could be represented on a

Tulerian mesh to facilitate swapping of mass, momentum and energy back and

forth between particles and gas. The volume overlap of MLG cells with cells

of the Bulerian grid can be used to circumvent a major complication of Monte

Carlo methods, choosing the values of continuum functions at places where

there are no particles or Lagrangian nodes. The MLG cells provide a natural

way to interpolate back and forth between the two representations.

When insolation of dust or droplet clouds is important, the MLG

provides a simple way to assess the radiation opacity along any particular

direction. The grid axes can be chosen in a given direction and the

swapping algorithm used to resort the points along that direction. There
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are a numbex of line-of-sight obscuration problems where this flexibility

will be useful.

The Monotonic Logical Grid (MLG) has been given only a geometric

contex: so far. In the applications and examples above, the moving objects

are being arranged relative to each other in 3D Cartesian space. Other more

abstract applications suggest themselves. The KIG can just as easily

represent multidimensional phase spaces for Boltzmann and Vlasov Equations.

The grid may also be useful for some classes of problems involving more

abstract data organization. The MLG is constructed using a set of

monotonicity operators, one for each dimension. These are really relational

or comparison operators that return a logical "yes", "1maybe", or "no"

depending on the results of a generalized comparison between two logical

entities. The operators can be black boxes implementing complex, possibly

subjective comparison algorithms which need have nothing to do vith geometry

or physical nearness. The meaning behind the relational operators can be

almost anything; for example, "degree of difficulty", "technical merit" and

"artistic merit" may be separate awards in the rating of an athletic

contest.
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V. SUMLkRY AND CONCLUSIONS

This report introduced a simple, vectorized algorithm :o determine

nearest neighbors whose cost scales as the number N of independent objects

or locations. This is accomplished by defining a Monotonic Logical Grid

(MLG) for storing the object data dynamically so that objects which are

adjacent in real space are automatically close neighbors in the logical grid

as well. As a simple geometric test problem, a regular 8 x 8 x 8 3D grid

-was used to store the position and velocity components of 513 rando .y

located particles in a cubical domain. For this idealized system the points

were given rarfdom velocities and the MLG was evolved for many transits of

the system by the faster particles. Statistics on near encounters of

logically far away points and on the number of restructuring operations

required were presented.

It was found that the reconnections of the dynamically changing MLG can

generally be computed locally in a very few vectorized iterations without

using inefficient gather or scatter operations. Almost all of the grid

restructuring occasioned by particles passing each. other occurs in the first

two or three vectorized iterations. Further optimization is possible by

changing to local scalar swapping after a few iterations. It is also found

that almost all the spatially closest nodes are nearby in the 'L.G as well. 0

Two or three logical grid locations effectively defines the spatial near

neighborhood except for a vanishing small number of cases which can be

detected and corrected inexpensively.

The MLG differs from previous nearest-neighbor algorithms. It

effectively removes the constraint of having to associate a cell of the
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logical gid with a fixed region of real space, but introduces the

constraint of only one particle per computational cell. When many of the

objects cluster somewhere, a corresponding fraction of the storage locations

in the r-G are automatically associated with that region. This means that

substantial variations in object density are adaptively gridded by the MLG

and large regions of space, as well as computer memory, are not occupied by

empty cells.

Th-s algorithm gives regular global orderings of the object data and so

allows efficient contiguous vector operations which are longer than the

relatively small number of neighbors considered for each object but can be

much shot:er than the total number N. The algorit,= will execute

efficiently in small array processors and permits direct partitioning to

take advantage of massive asynchronous parallelism in VLSI/VUSIC-based

distributed processing systems. The cost to execute the simplest version of

the model is one hour on a DEC VAX 11/780 for one thousand particles for

1000 timesteps when a simple force law for the 124 nearest neighbors is

used. With a commercially available Distributed Processing System, 5000

interacting objects could be monitored and the data base updated and then

restructured thousands of times in about 15 minutes, fast enough for

realtime applications.

A number of potential applications were discussed briefly. Obviously

other uses will suggest themselves as the good properties and restrictions

of the interesting multivalued geometric MLG mapping between real space and

relative (logical or computer storage) space becomes better understood.

These problem-independent properties will be necessary to the successful
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application of the representation to practical problems with other

mathematical, logical or physical constraints. Swapping and shifting

operations and holes were introduced to allow efficient local and global

grid readjustments. Practical experience with the MLG is still small,

however, so major pathologies may yet be uncovered in some applications.

Many MLG configurations may be possible for the same physical node

arrangements and simple examples suggest that the best configurations are

much better than the worst. Thus efficient methods of optimizing local and

global structure within the monotonicity constraints will eventually be

i=erative. Additional work is needed on the following questions:

1. What is the mathematical nature of the simple representations for

spatial derivative operators and integral conservation operators and how can

they be optimized computationally?

2. Is there an algorithm to optimize the grid structure using holes

and/or adaptively varied local modifications of the monotonicity

functions?

3. What is the cost of not reaching monotonicity every cycle?

4. What is the geometric or information theoretic meaning behind the

ambiguity of possible representations, i.e. what kind of an uncertainty

- principle does this represent?
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FIGURE CAPTIONS

Figure 3.1 Three Different Spacial Configurations and the

Corresponding Monotonic Logical Grid

Figure 3.2 Three Monotonic Logical Grids from Identical Data

Figure 3.3 The iLG for One'Plane of the 512 Particle Test Problem

Figure 3.4 Frequency of Requiring N Swapping Iterations to Construct a

Monotonic Logical Grid

Figure 3.5 Logical Displacements of Nearest Neighbors

Figure 4.1 Probability of Unrecorded Close Encounters in a 5 x 5 x 5 Mesh
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Concept

The super robot represents the full integration of the most advanced computer
technology (the super computer) with the most general mechanical architecture (serial,
parallel, modular, etc.) to demonstrate an electronically rigid system (similar to our
latest fly-by-wire aircraft) capable of rejecting process disturbances in real time
while producing high value-added products on demand. Today, high value-added
operations are achieved primarily through the use of expensive, specialized and
dedicated machines such as N.C.. machines, automatic screw machines, wire bonding
equipment for micro-circuits, etc., where the robot performs the low-valued function of
handling of parts between these dedicated machines. By contrast, the super robot would
be a fully integrated and self-contained generic machine system capable of performi-ng a
wide spectrum of precision light machining operations completely programmable by the
designer of the product (shoes, clothes, appliances, etc.) and fully responsive to the
individual demands of the marketplace. This vision of robotics by Issac Asimov is the
heart of the factory of the future, yet it not only does not exist, technical resources
to make it possible are either in short supply or have not been concentrated in a
sufficient critical mass of expertise to make it happen.

Beyond the factory of the future there are applications of robotics to functions
which involve hazards to humans such as space operations, operations on the ocean
floor, amunition handling under chemical or biological attack, processing of dangerous
materials such as galium arsenide for advanced microcircuit technology, nuclear reactor
maintenance, etc. In addition, special applications of real value to sociery, such as
micro-surgery, have yet to be dealt with even in the research environment. The concept
or the super robot being proposed here would lay the foundation to demonstrate a
science of intell1ge ;t machines sufficiently general to treat all of these diverse and
rewarding applications.

JustLfication

Much of the mechanical design philosophy in the United States derives from a
period during which farm machinery, power plants, construction machinery, automobiles,
airplanes, jet engines, etc. were brought to a high level of development. Much of this
design is performad in terms of compartmentalized rules (the basis of an art and the
opposite of a science) which are based on negative criteria (noise, wear, fatigue,
instability, vibrations, mean time between failures, etc.). On the ocher hand, the

C factory of the future demands the use of operational criteria associated with the
quality oi the product of the machine which implies precision (rarely dealt with as a
first priority in the academic world). The positive criteria of precision involves the
control of the output of the machine to specified tolerances regardless of the
disturbances generated by the operation. To date not a single robot operates in terms
of a real time dynamic model based on an accurate description of its system parameters
in order to reject disturbances (i.e., the concept of closed loop operation found in
fly-by-wire aircraft). Furthermore, the negative design criteria of failure in the
operation of large machine structures of the past (textile machinery, battlefield
materiel, etc.) have little to offer for the design of precision micro-processng

equipment nf the scale suitable to micro-surgery or micro-circuits. Hence, relative to
the level of technical integration required to meet future needs, no balanced science
of intelligent machines is being developed.

Today, the drive to establish the factory of the future has led to vigorous
development activity associated with CAD/CAM. Unfortunately, almost all of this
activity is centered on the use of a collection of dedicated machines each capable of a
limited number of distinct critical precision functions which must be sequenced to
crerae the finished product. On the other hand, the fully integrated self-contained



intelligent machine which is capable of producing broad classes of quality products
fully responsive to the individual consumer does not exist in any form. In face, the
use of 15,000 robots in the U.S. at this time implies a penetration into the
manufacturing workplace of not more than I in 1000 showing that robot implementation is
far below the level needed to have real impact. This low level of penetration may be
due partially to the fact that each of our major firms (IBM, GE, GM, Westinghouse) made
one robot and then decided to purchase robots from outside vendors or to buy
subsidiaries either In Japan, Europe, or in the U.S. By contrast, in Japan, each of
the major manufactur .g firms (Hitachi, Mitsubishi, Fujitsu, etc.) make their own
robots. The content.on here is that U.S. firms do not have the necessary in- house,
balanced technical manpower to remain competitive in this leading edge technology and
are leaving it to their economic competitors. This lack of response to the threat of
the trade deficit, exceeding $100 billion in value-added products, is at the heart of
the present proposal. The goal is to employ existing component technologies (the super
computer, computer vision, digital control theory), enhance emerging technologies
(expert systems, artificial intelligence, metrology, mechanical architecture, computer
architecture, CAD/CAM), and fully integrate them by means of a balanced science for
intelligent machines. The super robot would be the most aggressive demonstration of
this objective.

Background

The simplest robotic architecture is a 6 degree-of-freedom (DOF) serial system
(one link, one joint, one link, etc.). To date two basic geometries have emerged. One
is a structure similar to a coordinate axis (X-Y-Z) machine and the other is similar to
a human arm. These simple structures are used because they represent very few design
parameters and are designed primarily by intuitive means. The general 6-DOF serial
robot system is described by 18 geometric, 36 mass, 36 deformation, and 18 control
parameters (a total of 108) and represents a design complexity far beyond the means of
existing expertise in industry. Beyond the serial structure, there are parallel
structures (walking machines with 4 or more legs), redundant structures having excess
prime mover inputs or excess degrees-of-freedom, modular structures to form systems
from building blocks the way we now create computer systems, etc. What this means is
that the design techniques for most future robotic systems do not yet exist and can
only be developed by a very aggressive research program.

Similarly, no industrial robot operates in terms of a real time dynamic model
description to close the loop relative to the process it is performing which may
generate significant disturbances in the system. This means that precision light
machining operations such as drilling, routing, milling, etc., cannot be performed by
reasonably sized generic robots to the level of precision required. Disturbances due
to forces equivalent to the specified load capacity of these robots can easily cause a
deflection 20 times as great as the error represented by its repeatability (i.e., a 20
to I robot). The goal must be to measure these disturbances and to compensate for the
resulting deformations (in order to aintain thr desired level of precision) by means
of a complete dynamic model evaluated in less than L0 milli-sec. (real time) by using
the most modern computational hardware and software. This class of control would be
equivalent to feed forward compensation (a technique now found in the very best
Japanese Hi-Fi equipment) and is what is meant by an electronically rigid robot system.

Over the past several decades, the electrical research community has made major
strides forward in its technical depth especially enhanced by strong "pulls" from the
civil and defense sectors. By contrast, mechanical technology has not kept pace such
that it is now perceived as a weak partner. Unfortunately, the missIon objective of
intelligent machines will require a marriage of these technologies as equals. Hence, C
in order to satisfy the super robot development mission, it will be essential to create
a fully integrated science of inttlligent machines based on a balanced development of
all required electrical and mechanical component technologies.
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Technical Obiective

The concept of the super robot is the full implementation of a cohesive analytical
description of generalized mechanical architecture with a major emphasis on the use of
the super computer to benchmark the complete controlling equations for deformation,

dynamics, adaptive control, and feedforward compensation for the effects of external or
process generated disturbances in real time operation. The objective is to obtain
results which are able to describe the operation of any general robotic structure thus
allowing for specialization to a given device suited to a unique appllcation. Th.s
top-down approach (similar to the approach used to validate the development of the
supercomputer itself) is complerely missing in the development of robotics to date.
Literally hundreds of design parameters are involved yielding potentially billions of
possible systems. The optimal design and, therefore operation, of these systems is
essentially unreachable with present small scale bottom up technologies. That is why
most industrial robots look either like an X-Y-Z measuring machine or a human arm both
of which are several orders of magnitude simpler than the general mechanical
architecture. Consequently, the super-robot effort is intended to integrate all the
previous analytical research of the team (and that of others) into a fully operational
simulation test-bed for both design and operation of completely general serial,
parallel, modular, or mixed robotic structures.

!he following is a partial listing of applications which would become feasible or
would be dramatically accelerated by development of the super-robot technology:

1. Nuclear reactor maintenance
2. Precision light machining
3. Micro-manipulatlon at very small scales

o 4. Micro-surgery
5. Ocean floor operations
6. Space station operations.
7. Battlefield operations
8. 50G centrifuge robot

9. Rapid runway repair even under attack
S10. Remanufacture of military hardware such as jet engines, airframes, etc.

11. Walking machines and cooperating robots
t12. Human augmentation for the handicapped

Research Program

The research program will concentrate on the use of the super computer to
dramatically accelerate the development of a science of intelligent machines because of
its superior computational capacit7 to treat the full parametric description of a much
more general class of robot structures. For example, the massive computational
resources of the supercomputer makes it possible for the researcher to think much more
openly and freely of generic top down design and control strategies which should lead
to a maximum level of productivity of new ideas and technology evaluated by complete
simulations. This increased computational capacity will mean that the following can be
addressed:

1. Metrology of Robots - A semi-automatic means of identifying all significant
parameters in an existing robot.

2. Optimal Design - Initial success in the use of optimization techniques
to the multi-parameter multi-criteria problem
associated with robotics has led to improved
distribution of actuator parameters. This
computationally intensive effort must be expanded.
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3. Robot Architecture - Future robots will be composed of easily scaled
structural modules (shoulders, wrists,
micro-manipulator, mixed large and small control
structures, etc.) to provide finite packages of proven
technology to he rapidly assembled into generic
intelligent machines.

4. Computer Architecture - The top down approach made feasible by the
supercomputer will make it possible to develop
specialized computer hardware and software modules
(arithmetcs, array processors, etc.) uniquely suited
to intelligent machines.

5. Operational Software Symbolic programming can now be applied to the complex
analytical formulations required to completely describe
the dynamic state of a rob6t and to form the basis for
a generic operational language capable of off-line
programing and disturbance rejection.

6. Adaptive Control - This represents the real time adjustment of the control
parameters to best enhance the controllability of the
fully nonlinear nature of robot structures.

7. Walking Machines - These parallel machines are essentially multiple robots C
60 cooperating to perform a finite number of output

functions with excess (a factor of 3 or 4) of prime
mover input comands. This becomes a real time
resource allocation problem (artificial intelligence)
of the most complex nature.

8. Redundant Structures These serial machines (snakes) have excess inputs for a
very high level of dexterity and obstacle avoidance
capability but require a correspondingly high level of
decision making intelligence to operate in real time.

9. Graphical Simulation - In order to design or operate complex robotic
structures, their full operational characteristics must
be on display with great fidelity to the designer as
well as to the machine operator. Training functions
(similar to the Link aviation trainer) will become
increasingly important for surgeons (micro-surgery),
nuclear reactor maintenance, space station operations,
etc.

-10. Kan-Machine Interface -As the technology becomes more complex, a greater need
(not less) will develop for a balanced control (or
intervention) by man and machine. This will require a
much higher level of machine intelligence to obtain the
full benefit of the technology for man.

I. Machining Robot The heart of the factory of the future will require
inexpensive generic robots to perform precision light
machining operations by direct computer control in
order to have a maxim=m value-added benefit and
response to the individual consumer. This requires a
complete dynamic and vibration model implemented with
feed-forward compensation in real time to make the

0 system electronically rigid.
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Level uf Fundinq

The proposed super-robot effort is the most far-reaching program ever envisioned
in the field of robotics. Its full level of funding would involve not fewer than 10
faculty and 30 to 50 graduate students with a funding level approaching $3,000,000 per
year. Initially, it is proposed to support 3 faculty and 10 graduate students at
$900,000 per year. A foundation laboratory is already being developed at The
University of Texas at Austin. Specialized access computer hardware for interface with
a supercomputer (preferably the ETA 10) would also be necessary with an estimated cost
of $200,000.

The Research Team

The present research team has been involved in dynamic model formulation,
deflection analysis, real time computation, optimization and design for the past decade
and has produced 11 major reports during the past year in this field. The team is
establishing a complete robot laboratory to develop next generation technology at :he
University of Texas, using State of Texas, NSF, and AF resources. About $700,000 will
be expended this year on the laboratory.

List of Major Repurts for '84-'85 (Co-authored by D. Tesar)

I. "The Design and Analysis of Hybrid Parallel and Serial Robotic Manipulators", Mike
Sklar, April 1984.

Most existing robotic structures are serial in nature (one link, one joint, one
link. etc.), in addition to a compact 3-DOF module to act as a wrist. This work
extends :he general mathematical formulation of the dynamic model by Tesar and

O Thomas to accomodate mixed serial and parallel structures, especially represented
by parallel structural modules in the wrist, elbow, or shoulder locations.

"Deflcction Prediction for Ouasi-Static Serial Manipulators", Allan Fresonke,
April 1985.

* The deformations in the serial structure of robots is obtained by representing the
six modes of deflection of each link as pseudo joints (6N) which can be added to
the N prime mover joints by means of the influence-coefficient method developed by
Tesar and Thomas. A very complete wdel formulation is established to account for
end-effector deflection due either to applied external loads or inertia loads.
Also, a method is given to compensate for these deflections in order to eliminate

G their effects and maintain the desired precision of operation even under
disturbances.

3. "Kinematic and Dynamic Modeling, Analysis, and Control of Robotic Mechanisms (Via
Ceneraiized Coordinate Transformations)", Robert A. Freeman, April 1985.

As robotic structures become more general, devices such as walking machines (4 and
6 legs with several inputs each), dual arm robots (a total of 12 inputs), and
redundant structures such as snakes (more than 6 inputs) must be treated. Their
generalized dynamic model formulation (both for serial and parallel structures) is
developed In terms of influence coefficients in order allow the designer complete
freedom to locate his prime movers in ideal positions in the structure. In
addition, formulations are given for a third order description of the dynamic
properties of the system as well as a means to mathematically transfer any or all
of the prime movers to any location in the structure.
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4. "Computer Aided Optimization in the Dynamic Analysis and Parametric Design of
Robotic Manipulators", Hsin-Chien Yuan-Chou, August 1985.

Non-linear optimization theory is applied to improved distribution of actuator
parameters for robotic manipulators. Formulations on optimal criteria based on
vibrations, precision, etc., are established. The minimal number of design
parameters (geometry, mass, control, etc.) is 108 to describe a highly non-linear
and coupled set of controlling equations. This complexity forces an indirect
approach to optimization which is only in the earliest stages of development.

5. "Vibration Analysis and Parametric Identification of Flexible Serial
Manipulators", Fariborz Behi, August 1985.

A lumped mass and deformation model described in terms of influence coefficients
with pseudo inputs at the principal deflections is used to model the vibratory
motion and to predict the frequencies of the lover modes. In addition, modern
modal analysis equipment was used to analyze a Cincinnati Milacron T3-776 robot to
identify local stiffness and mass parameters and to experimentally verify the
vibration model and frequency predictions.of the lover modes.

6. "The Design of a Universal Spatial Seven Degree of Freedom Manual Controller for
Teleoperator Systems", Mark Bryfogle, August 1985.

Robotic systems used in unstructured task environments such as nuclear reactor C
maintenance require the full integration of the human operator's judgement and
decision making capability. This effort established the design criteria for a
kinesthetic force feedback manual controller of one extra degree of freedom as an
assemblage of structural modules at the wrist and shoulder. The goal is to
enhance the flow of information to and from the operator in real time and to use

-supervisory techniques to eliminate gross errors, filter jitters, and perfect the
global input comands from the operator.

7. "Real-Time Computation of the Influence Coefficient Based Dynamic Modeling
Matrices for Improved Manipulator Control", John P. Wander, August 1985.

The complete dynamic model for a 6-DOF serial manipulator is developed in terms of
a computational system compatible with array processing. The algorithm operates
on a moderate sized array processor (the Analogic AP-500) with a resulting 7.5m
sec. cycle time required to represent the most general 6-DOF serial robot
structure. Up to 20 DOF systems were tested shoving that complex structures can
now be operated in real time to make them electronically rigid in terms of
existing computational hardware.

8. "Symbolic Program ing for Dynamic Modeling of Serial Manipulators", Matthew
Reischer, August 1985.

A symbolic Programing Language (AsPL) has been developed to aid in the evaluation
and reduction of the controlling dynamic equations for general serial
manipulators. This is believed to be the first major effort to create a
completely general language structure to treat the dynamic description of robotic
systems in terms of generalized matrices (Jacobian, Mass, Coriolia mass, etc.) and
to formally organize the development of the controlling equations. Initial 0
results vere obtained to determine the best computational resource allocation for
various descriptive terms in the dynamic formulation.
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9. "Advanced Adaptive Control of General Mechanical Structures and Robotic
Manipulators", Sabri Tosunoglu, October 1985.

This adaptive control scheme adjusts the control laws of the prime mover system to
rpflect the real time condition of the full non-linear and coupled nature of the
mass and external load (disturbances) effects on the stability and precision of
the system. The claim for global stability is based on a Liapunov analysis.
Initial results are obtained on the effects of computational sampling rates and
the associated assurance of stability. Preliminary work on criteria for precision
of the system's end-effector motion is also described.

10. "Kinematic and Dynamic Analysis of a Six Degree-of-Freedom Parallel
Micro-Manipulator", Denise Rill, October 1985.

A 6-DOF parallel structure small motion device (10.1 inch, t2 degrees) has been
designed as a module weighing 20 pounds and a overall size of about a 7" cylinder
5" high. This module would be placed between the end-plate of the robot and the
end-effector to make very small motion corrections much more rapidly than is
feasible by the large actuator control system normally found in robots. Influence
coefficient analysis has been used to create a dynamic model of this device and to
establish design criteria for its most effective operation.

it. "Mathematical Formulations for the Dynamic Phenomena of Generalized Mechanical
Structures and Robotic Manipulators", Mark Thomas, October 1985.

This report presents a unified theoretical foundation for the mathematical
description of most dynamic phenomena associated with the operation and control of
completely general mechanical structures and robots. Emphasis on the generalized
serial manipulator leads to the most compact and computationally efficient
formulation available for robot system control. Foundation concepts for
deformation, parallel structures, higher order control, optimization for design,
motion programming, etc., are presented in terms of a powerful notation and
unifying theory built on geometric influence coefficients.
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I APPLICATIONS APPROPRIATE TO AN ADVACED ROBOTICS TECNOLOGY

This section of the document is intended to list a representative collection
of the most demanding and rewarding unmet applications of robotics. In each case,
the application is described In terms of its economic merits, its technical
feasibility, and its benefits to the user. Also, in each case, some indication
is given as to the necessary technological developments required to satisfy the
associated application. One of the more immediate technological gaps is asso-
ciated with the "open loop" operation of all existing robotic manipulators.
Because of this inadequate sensing and real-time compensation based on an in-
clus--e dynamic model, it is impossible to maintain spatial coordinate accuracy
(with or without external disturbances and loads). Hence many precision opera-
tions at small and large scales (micro-surgery, precision light machining, laser
welding, etc.) remain unsatisfied. It also means that off-line programming is
normally not possible, such that on-line teaching (while no production occurs)
is necessary. This means that the data base cannot directly control the robotic
system nor support real time inspection. Hence, special precision assembly,
clean room operations, micro-assembly and inspection are less likely candidates
for robotics. In batch mode manufacturing, this deficiency means the continued
high expense anc use of numerous machining j igs-a barrier to the factory of the
fiiturai

In other applications, the dexterity and obstacle avoidance of existing
systems is inadequate. Many of these systems must york in an obstacle strewn,
unstructured environment. Here, special sensing and an advanced machine inte.li-
Sence must enhance the information sent -to the humai operator at the man-machine
interface to augment his judgment and decision making capacity. Time, frequently,
is of the essence so that exceeding human operating speeds is highly desirable.
Strategy and planning to deploy friendly forces and strategy identification of
unfriendly forces sometimes using incomplete data bases or fuzzy data for military
operations has yet to be treated as more than a concept.

flMUSTRIAL AUTCMTION

1. Micro-processing is the spectrum of application of robotics to very small scale
industrial operations such as wire soldering of leads to micro-chips, visual
inspection and repair of very small assemblies, etc.

2. Comolex assemblies involves sequential piece assembly within an obstacle strewn
environment where perhaps more than one robot would be necessary (i.e.,

mounting of a shock absorber on a car).

3. Precision light machining refers to lightly loaded machining tasks in thin
stock such as routing, trimming, and deburring while maintaining high
tolerance without supporting jigs.

4. Weldina in ship structures requires the placement of imprecisely cut thick
stock in an egg-crate array and autonomously wald.ng the parts in place.

5. Riveting and deriveting of airframes is the semi-automatic procedure of
rivet location, rivet re:moval, hole inspection and refurbishing, and rivet
replacement on airframes with minimum human involvement.



ENERGY SYSTEMS OPERATIONS

6. Nuclear fission reactors could be maintained by robotic systems (especially
the steam generator) with minimal occupational radiation exposure and an
economic benefit to the nation by 1990 of $1.8 billion/year.

7. Nuclear fusion reactors will require a much higher level and more frequent
remote maintenance than fission reactors if their availability is to be 75%.

8. Oil exploration and production on the ocean floor involves maintenance and
inspection of the complex ocean floor technologies (valves, pipes, pumps, etc.)
in an unstructured environment.

9. Coal production is responsible for 200 deaths/year and considerable cost to
the nation due to black lung disease, a dilemma that could be reduced by
developing a "manless" coal mine.

10. Nuclear fuel handling and revroc aing has been a long time user of robotics
and is now experiencing a new level of technological development at the
Oak Ridge National Laboratory.

MILITARY OPERATIONS

11. Remote ocean operations concerns the remote surveillance, personnel retrieval,
repair and tactical operations in an unstructured ocean environment.

12. Battlefield operations represents a complex of operations such as surveillance, C
autonomous tanks, mine removal etc. to remove personnel from the war zone.

13. Maintenance and emergency repair technology is intended to remove technically
trained personnel from the war zone as well as make emergency repairs more
cost effectively and reliably.

14. Fuel and ammunition handling will reduce logistics problems, increase reliability,
and reduce personnel exposure in the war zone associated with the movement and
palletizing of materiel.

15. Planning and strategy operations will augment the field commander's decision
capacity as the complexity of field operations increase and provide him with
an assessment of the strategy of the unfriendly forces.

HUMAN AUGMETATION AND ARICULTURE

16. Micro-surgery is intended to augment the precision of the surgeon's motor
capacity by a factor of 10 and increase his productive life for operations
of the brain, ear, eye, nose and throat including exploratory diagnostics.

17. Prosthetics and orthotics suggests that many partially incapacitated human
joints and limbs could be either supported passively or actively to provide
improved structural function or they could be replaced by advanced intelli-
gent prosthetics.

18. Aricultural operations associated with non-cereal production are labor
intensive and frequently under weather threat. Robotic handling and harvesting
equipment could not only reduce costs but also reduce production uncertainties.

19. Accident missions suggest using robotic systems in surveillance, people
retrieval, and active threat reduction associated with fires, earthquakes,
terrorists, and bomb removal and disabling. C

20. Training and service robots are intended to augment humans in education at
all levels (truck operation to micro-surgery) with future systems
developed for cleaning and maintenance in both public and domestic applications.
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INDUSTRAL AUTOMATION

1. Micro-processing

One of the future opportunities for intelligent machines and robotics is the
performance of various precision operations at very small scales. Examples involve
the mechanical handling of very mall electrical componencs, vire soldering of leads
to micro-chips, visual inspection of very small assemblies, and mechanical or
electrical (by lamer bems) repairs of imperfect components. Generally, as the
complexity of computers, avionics, and precision instrumentation increases
(including medical instruments), the need for ainacurized systems (micro-robotics)
will also increase. Autonomous and teleoperacor type system will be necessary
depending on whether the operation can be highly structured or will require the
judgement and decision making of a trained human operator. This type of technology
will make clean room operations increasingly coat effective and more widespread. In
order to achieve this level of technology, a generic class of miniaturized bearings
(perhaps jeweled), specialized sensors and encoders, and atuators must be
developed. Generally, as the scale is reduced, the relative importance of friction

Sincreases such chac special antifriction measures will be necessary. Also because
tolerances will be so mall, programing the system by visual inspection will be
such more difficult. Consequently, miniatu=e robotics wil., require a much higher Leve.l
of machine intelligence than that found in present generation robotic systems.

2. Comolex Assemblies
C-

oSc assembly processes currently being performed by robots are especially
designed co cake into account the present limitations of the robot system. For
example, the assembly of an electric motor allows a sequential stacking of
components about a vertical axis of symmetry. The insertion of electrial components
on a circuit board occurs only on one plane within virtually a-perfectly rectangular

Q array. None of these operations mast occur in an obstacle strewn enviroment.
Furthermore, most of these steps require relatively little force during the joining
stage. Rance, they can be classed as precision, unloaded, unobstructed assemblies.

Future assemblies must treat a much broader range of tasks including force fit
assembly, fastener deformation, the joining of heavy components, joining of

Ccomponents by single or repeated impacts, etc. Furthermore, as the assembly
progresses, access to.the work scene will be obstructed either by jigs or the parts
of the unfinished assembly. Consider the difficult task of putting shock absorbers
on the suspension of an automobile as one of the type of assemblies that must be
addressed in order to expand the market of robotics. This expanded class of
assembly task will require precision under load (now universally lacking), a very
high level of dexterity, obstacle avoidance routines by an advanced machine
intelligence, and a combination of sensors and dynamic modeling in real time to
"close the loop". This level of technology will require the moet of integration of
all mechanical and electrical technologies and will require a concerted research and
development effort.
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3. Precision Light Machining

Batch mode manufacturing implies numerous light machining tasks where high 6
precision and rapid changeover from one task to the next is necessary. Tvo example
tasks are deburring and trinming of surface panels of aircraft. Because of the

large deformations experienced by robotic Manipulators operating under these
machining loads, jigs or fixtures are used to resist these loads. Of course, the
jig must be matched in shape to each part to be finished. In batch manufacturing,
literally hundreds of parts"(and therefore jigs) are involved - hence, the costs of
manufacture and handling of these jigs is very high. Other costs are involved.
Programing the robot still relies on step-by-step teaching in the work environment
which is very time consuming - a time during which no production is possible. Also,
the jig interrupts the flow of information from the unit process to the factory
computer data base making the factory of the future impossible.

All of these high costs items for robotic systems could be greatly reduced if
precision under load could be achieved. The first need is a complete and accurate
parametric model of the industrial robot manipulator (raraly exists and certainly
is never use& in real time operation of today's robots). Next it is required to
make real time (1/30 sec. sampling rate) computer control of the robot in terms of
this dynamic model a reality. Also, off-line programing must be developed to make 6
the robot absolutely accurate in world coordinates. Finally, the system must be
able to eliminate force induced deflections from the machining process by
compensating commands to the actuators. All of these technical objectives vill
require the best machine intelligence based on the most advanced analytical tools
from the mechanical and electrical disciplines. This "closed loop" concept is in
essential component of the next generation of robot - i.e., the fly by wire robot (
which may then be considered "electronically rigid."

4. Welding in Ship Structures

Welding is one of the most important joining processes used in the United
States where almost 1,000,000 workers claim to be welders. Automation of welding (
has gradually taken place by using automatic wire feeding and special seam trackers
in conjunction with "tractors" capable of following a straight seam. Ritachi of
Japan has implemeted a 20 pass weld of a precision cut joint between two pipe
sections with a 1" wall thickness. The seam geometry in many applications is far
from straight and for thick weldments (above 3/16") it is difficult to maintain
uniform seam spacing or seam alignment. This fact is especially true of welding C
associated with ship bulls. Also, the ship bull is large and appears to have an
"egg crate" geometry in much of its multiple wall and multiple cell configuration.
This reality akes mobility, dexterity, obstacle avoidance, superior sening, and
high precision essential to a ship welding system. Beyond this, excessive teaching
time for such complex geometries becomes a dominant problem of the existing robotic
technology. This is compounded by the fact that shipbuilding is characterized by
its variety of small batch operations (often unique assemblies) where programing
cime can represent as much as 90Z of the total processing time.

In order to eliminate most of these problems, the robot welding system must be
driven from a data base of the ship component being welded. Raference points on the
tacked assembly can be used to automatically place the vorkpiece in the coordinate L
system of the robot. Then if the robot is absolutely accurate and if the welding
process is monitored with adequate sensors (such as vision), the welding procedure
can be achieved with virtually no teaching time. Of course the data base must tell
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the robot where the "obstacles" of the incomplete assembly are and how they change
as progress is made. The robot intelligence must be capable of avoiding these
obstacles without human intervention. It is also feasible that one robot could be
used to place parts in the assembly while the second robot performs the necessary
weld.

5. Riveting and Deriveting of Airframes

Rundreds of thousands-of rivets are used to assemble the airframe of modern
airplanes. Even though special hand held riveters are used effectively, they
require a great dealof heavy labor. It has been frequently suggested that robots
be used to hold the riveting unit during the riveting process. In order to perform
this task, the riveter must be perpendicular to the surface and perfectly aligned
with the rivet hole.' The surface geometry and rivet array forms a complex spatial
geometry which demands that the robot have generic motion capability. Because the
riveter is heavy the gravity forces will cause significant deflections. These
deflections and those due to riveting forces must be compensated for by an active
machine intelligence capable of positioning the riveter accurately in coordinates
attached to the airframe. Then and only then can the data base control the robot
directly. Othervise, the robot must be calibrated and taught for each section of
every airplane one at a time. Such teaching effort would consume more time and
higher expense than the previous manual operations.

Airplanes placed on aircraft carriers experience sea salt corrosion of the
rivets making Lt necessary to derivet the airframe. All of the above requirements
apply. In this case, it is also necessary to accurately drill out the old rivet.
Teaching the robot is clearly impractical because of all the uncertainties and load
variations. An advanced form of closed loop control of a precision robot combined
with computer vision could make self-calibration of the robot relative to the
airframe feasible so long as the data base for that air frame were available. Such
a system would ake it possible to derivet the plane on board the carrier or in a
remote field operations shop making repair logistics mch mare economical.

ENERGY SYSTEMS OPERATIONS

6. Nuclear Fission Reactors

There are major economic Loses associated with the critical path down time and
C occupational radiation exposure (ORE) associated with Maintenance, Testing, and

Inspection (IM)) of nuclear fission reactors. The total cost of these operations in
1980 was an average of $14 million per plant. This represents an approximate $1
billion cost to the nation. When using steam generator maintenance as a vehicle for
analysis, a 70% savings is predicted; i.e., a total national savings of $700 million
per year. By 1990, the projected savings would reach $1.8 billion per year. If ORE
limits were lowered by a factor of 5 (as has been suggested), these numbers would
all grow by approximately 75%.

The present level of manipulator technology is insufficient co perform most of
the needed maintenance tasks in a successful and time efficient manner. The present
and near term reactor was not designed for remote maintenance thus making the need
for a generic maintenance system more pressing. This generic systaem must be capable
of performing a series of up to 25 distinct operations in an obstacle strewn
environment vith the characteristics of a portable machine shop. The PWR steam
generator and the SW valve have been isolated for jamediate application of
robotics. Specific component technologies which must be addressed to meet this need
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are multiple task capability, a high level of machine intelligence, man-machine
interface, dexterity and obstacle avoidance, precision and load capacity, and
portability and mobility.

7. Nuclear Fusion Reactors

Plant availability of fusion reactors will be closely linked to the effective-
ness of the remote maintenance technology to be employed. Many experts believe
that rather great technical advances in the technology will be necessary.
Princeston's TFTR for example, is planning for an availability of about 22, but even
this has not yet been demonstrated with current technology. The Fusion Engineering
Device (FED) of Oak Ridge has set a OZ availability goal. The objective of the
planned Starfire fusion utility plant must be 75Z availability.

The fusion reactor represents a highly uncertain environment, thus calling for
a completely general remote system with advanced machine intelligence and
man-machine interface. The most difficult-remote task will be the handling of the
400 ton shield sector. The shield frame mast be precisely positioned, cut, and
welded. The required manipulators must handle loads up to 500 lbs. The large loads
combined with the large arm dimensions, place extreme demands on the technology
where precision requirements are very high. These projected requirements will not
be set by evolutionary development expected from industrial laboratories. A much
more complete understanding of the complex geometry and dynamics of the manipulator
system is needed to produce these larger maintenance devices.

8. Oil Exploration and Production on the Ocean Floor

At the present time, the majority of operations is carried out by human divers,
representing an extremely dangerous activity. The present trend towards deeper
open-ater wells represents an even more dangerous operation. Operations below 450
aters must be carried out by Remotely Operated Vehicles (ROVs). There are two
major limitations in the use of ROV. Present vehicles are controlled by tethered
lines, which become tangled and severely limit mobility. Also, due to the lack of
advanced manipulator technology, only simple tasks such a monitoring and inspection
may be carried out using ROVs. If the offshore oil industry plans to reach greater
depths, an emphasis on isproved mimote technology is necessary. During the 5 year
period (1975-1979), approximAtely 100 wells were drilled at depths over 1000 ft.
Subsea production systems (underwater wells) are used at depths of 2000 ft. The
investment for a total operational platform say easily exceed $1 billion.

ROVe can operate at 1/10 the cost of hima diver systems primarily because of
reduced support facilities and personnel. Also, descents and ascents require long
periods and in bad weather significantly increase risks. There are over 140
tethered ROVe in use today. Approximately 30 vehicles have manipulator
capabilities. Most of these manipulators cannot perform the highly useful but
difficult tasks of welding, cutting, bolting, etc. As the production system evolves

4 it will become more modular (i.e., valve modules, pipe joint modules, etc.) enabling
more rapid and reliable replacement by remote systems technology. A comparative
increase in the effectiveness of this remoce systems technology would yield major
economic benefits.
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9. Coal Production

It appears that significant economic benefit and miner safety would result with
the use of remote systems technology in deep underground coal mines. Almost no such
remote technology is presently used in underground mines. In other words, very
Little progress has been made co make coal production possible vithout the direct
involvement of hu-n operators - i.e., the manless mine is a distant possibility.
The potential areas for automation and robotics are roof support, material handling,
fire control and rescue, and surveillance. Roof-bolting is the most dangerous
activity in underground mining, causing 50Z of all mine fatalities. The mining
industry is five times more dangerous than the average U.S. industry, with about 200
deaths occurring each year. The cost of injuries based on 1974 data, to all sectors
of society (industry, personnel, healt:h agencies) was $34 million.

Automation of the coal mine will involve the implementation of several

dedicated machines. For example, the continuous val system represents an annual
return on investment from 15 to 23% depending upon the level of automation
implemented. The use of remote systems technology will be vastly improved when
these dedicated machines will be modularized making maintenance by odule
replacement -feasible. Then robotic maintenance systems can be developed with high
mobility for this task as well a that of monitoring and surveillance. This
combination would make the manless mine possible and significantly reduce the costs
associated with maintaining an environment which is suitable and safe for the coal
miner.

10. Nuclear Fuel Handling and.Repro.essing

Nuclear fuel handling and processing was the first application of robotic
manipulators. The technology was developed from 1945 to 1965 at the Argonne B
National Laboratory. Many hot cell manipulators are used for this purpose today.
An evolving application which is nov being pursued is fuel reprocessing ac the Oak
Ridge National Laboratory. There, a now generation fuel reprocessing plant is being
designed for implementation late in the 1980's. Such a system which is made up of
literally thousands of components that could fail must be maintained remotely once
it starts operation because of the high internal radiation levels. One of the first
requirements of the maintenance system is e ztraordinarily high reliability. Not
only must the plant be modular and structured for maintenance, so must be the
robotic systems used for maintenance. The robotic s7stem must be moved on tracks
anywhere in the plant making effective communication vith sm external daca base
difficult. Because literally hundreds of maintenance casks are involved, a human
operator must supervise or manually control the task performance through a highly
developed man-machine interface. A new generation of robotic uanipulator is being
developed for this application as are special interface technologies to the operator
(visual graphics, voice commands, force feedback, etc.). The goal is to use an
advanced machine intelligence to reduce the burden on the human operator by
automating as many operations as posable.

MILITARY OPERATIONS

11. Remote Ocean Operations

The Navy has established a program to meet both tactical and scrategic
objectives. All indications are hat smuch of this work remains at the conceptual or
exploratory stage. One of the first objectives is to perform search and identifi-
cation of sub-sea systems. Beyond this, the goal is to perform retrieval functions
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of lost hardware or stricken submarines. Finally, the most demanding task will be
associated with anti-mine and anti-submarine activity. In the strategic sense, the
laying and maintenance of under-water commnication cables and power transmission 6
lines is a very high priority. It is clear, that the operating environment,
especially for maintenance, is unstructured and could be necessary at any depth of
the ocean. For example, the veil understood task of undervacer hyperbaric welding
can not be performed by the present technology. All present systems are tethered
ROV's or self-contained diving chambers (i.e., specialized submarines). Only one of
these systems (the ROV OR A . presently offers the necessary feature of force
feedback to the operator or the controlling computer.

Generally, this range of applications will require the most advanced generic
robotic manipulator technology possible. A number of the systems must be untethered
to be effective. The dexterity, sensing, and precision of these systems must be
very veIl integrated. The uan-machine interface question is also of the highest
possible importance due to the unstructured. nature of the task spectrum. Finally,
these systems must operate with extraordinary reliability vith time as the essence.
Overall, robotic technology within the ocean will require the best of all component
and system technologies.

12. Battlefield Operations (

The primary objective is to perform rapid advance maneuvers with minim
exposure to unfriendly forces. Several dedicated units such as autonomous mine
detection and disabling vehicles, autonomous offensive tanks, etc., Vill be
essential. In addition, battlefield comunication line netvorks must be established
and maintained. These functions can be performed autonomously only if a collection
of sensors are developed (acoustic, optical, electromagnetic, tactile, etc.) which
are field hardened and highly reliable. In addition, computational vision based on
stored object knowledge must be capable of recognizing objects. All of this sensory
information must be forwarded to an on-board central processor uhose machine
intelligence is capable of reasoning and developing a strategy for action. This
strategy must be carried out with high reliability to benefit friendly forces.

Autonomous systems tend to be operations specific. Therefore, alternatives
which allow human intervention by teleoperation should be carefully considered. In
this case, precision heavy duty robotic manipulators may became an essential device
for disabling unique multi-purpose and mobile mine fields (under enemy control).
The same taleoperator system could prove highly beneficial in laying nine fields in
or behind enemy lines. Or, it may prove feasible to develop an autonomous roving
mine field which would be targeted against unfriendly forces. Overall, the question
of artificial intelligence appears to represent a technological gap which must be
met for this application.

13. Maintenance and Emergency Repair

One of the basic realities of modern military materiel is that it is complex
and must be continuously monitored and maintained. This is especially true of the
increased use of electronic components such as avionics. Maintenance and emergency
repair requires a highly trained practitioner in order to diagnose and correct
malfunctions. Unfortunately, the most pressing (and valuable) maintenance
operations occur in battle zones or in remote locations such as on board aircraft
carriers. This means that many highly trained personnel are exposed to unfriendly
forces.

8
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Two steps can be taken to reduce the exposure to technically trained personnel
while at the same time making emergency repairs much more reliably. One of these
steps has already been established within the field of avionics and that is
self-contained modules that are easily interchanged. This design philosophy must be
used on the mechanical system as well. The second step is to make maintenance
through teleoperation feasible by deploying a generic maintenance robot system
having a precision dexterous manipulator with force feedback to a remote station
where the operator works with a multi-faceted man-machine interface. Because
emergency repairs may be reqlired due to damage from enemy fire, the task spectrum
must be considered as unstructured thus requiring a high level of human judgement
and decision making to make the maintenance repair as reliable as possible. Here,
the technological gap appears to be a generic precision, mobile robotic manipulator
with some machine intelligence supported by a superior man-machine interface.

14. Fuel and Ammunition Handling

In the deployment of tactical units, the fuel and mmunition zones are the most
likely targets of unfriendly forces and when hit cause potentially severe
destruction. Hence, minimizing personnel in this zone would be a high priority. In
addition, during engagement rapid loading of fuel and aunition is a very clear
necessity. The major time element is associated with ammunition loading of such
units as tanks. It presently takes 3 to 4 hours to load a tank with its full
complement of rounds. It is desired to reduce this to one hour - therefore,
potentially doubling the availability of the tank. A recent example of
automatically loading an A-10 anti-tank aircraft in 8 minutes relative to a period
of 3 hours for manual operation shov that a truly integrated system can reduce
loading time by as much as a factor of 20 times.

The envisioned system would employ a heavy duty robotic manipulator to
semi-automatically depallet the mmunicion and pass it to a transfer device ac the
manvay of the tank. The transfer device would lower the round to a reference rack
in the tank from which a dexterous robotic manipulator wouLd take the round. The
internal manipulator would remove any "duds" as a first step in the return cycle and
take all incoming rounds and automatically pelletize them in the tank. The internal
manipulator would also be able to take the rounds out of the tank pallets and insert
them into the tank gun barrel. This internal system would then make one crew member
redundant. The external manipulator would be rather large and somewhat mobile on
its own platform. The biggest technological gap would likely be associated with the
highly dexterous, high load capacity, precision manipulacor (internal to the tank)
which should be operated autonomously, especially during maneuvers. Such inclusive
technology will require very high integration of some immature but merging

* component technologies.

15. Planning and Strategy Operations

Today, planning and strategy development is becoming increasingly important to
assist personnel in making short term and long term decisions about troop and
materiel movement and deployment. As the number of distinct and sophisticated
fighting elements (roving mines, autonomous tanks, controlled electronic barriers,
etc.) deployed by unfriendly forces expands, the need for more complicated and more
rapid decision making becomes critical. In addition to these managed "obstacles",
t.ere are terrain obsctcles such a boulders, trees, swamps, and rivers. The
obstacle strewn enviroment is one of the unsolved planning problems facing the
robotics research community. Presently, the problem is partially solved by trained
personnel on-board the dedicated vehicles (tanks, supply trucks, etc.).
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In the near term these tasks could be taken over by teleoperacion if the
control task is relatively simple and nio on-board activity demands human activity.
As the task becomes more implicit, because of invisible managed obstacles by
unfriendly forces, it becomes more difficulr to adequately train the large numbers
of personnel required in the field. Hence, in the long term, on-board computers
will be required to provide planning and navigation. Planning involves data
acquisiton (perhaps fuzzy) to augment an existing data base, reasoning among
alternatives (serially or in parallel), accounting for coupling among on-going
actions (spatial reasoning) and in process control through monitoring and time
efficient up-dating of the-planned operation. Navigation accounts for the existing
system configuration (geometric status) among stationary or managed obstacles
(avoidance strategies) to develop routes (optimal paths) by means of a global
awareness. Several important technological gaps exist. Primarily difficulties
arise from fuzzy acquired data or incomplete data bases. Route planning involves
one of the most demanding of all optimization problems if the obstacles are numerous
or managed effectively by unfriendly forces. Finally, strategy identif cation -through
analysis of the "movement of managed obstacles" would prove Invaluable to decision
makers in the field.

HUMAN AUGMENTATION AND AGRICULTURE

16. Micro-Surxer 
a,

Micro-surgery involves the use of a microscope to enhance by a factor of ten
the vision of the surgeon. At this point In time, this has been a major
advantage in the, fields of eye, ear, throat, and brain operations. In addition,
much research now involves work with single calls and requires the best available
precision in mechanical operations. The primary need demonstrated by this activity
is to augment the human operator's motor capacity (i.e., the surgeon's) in order to
complement his enhanced visual capacity perhaps by an order of magnitude (by a
factor of 10). One of the goals of this type of system is to lengthen the
productive life of the surgeon. The other imediate goals of improved precision can
be achieved by filtering jitters and oscillations from muscles that over-react under
tension and by changing scales of the operation through computer enhancement. Thus 0
far, little has been done to satisfy this need with a flexible all-purpose (generic)
system. Miniaturized robotic systems have not experienced much development to-date.
Three component technologies are important to this application. First, as the
system becomes smaller, friction becomes relatively more important making special
frictionless bearings an imperative. Secondly, because the tasks are at such a
small scale, special miniaturized force sensors must be implemented to keep the
surgeon Ln close awareness of the operation. Thirdly, the surgeon must work through 0
a superior transparent man-machine interface in order to make him not only
comfortable but fully in charge of the process. These component technologies are
very demanding, and thus far poorly developed. It is estimated that a major team of
researchers would require a decade to implement this technology in clinical
operations.

17. Prosthetics and Orthotics

Despite the fact that no method for preventing or curing the many arthritides
afflicting man have been found, significant advancements have been made in the past
decade toward providing an adequate substitute for destroyed joints. The major
improvement in the care of arthritics has been the development of internal
prostheses. A nominal number of passive orthotic devices have been developed to act
essentially as braces for the weakened human structural system. A major opportunity
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now exists because of development in robotics and micro-electronics to develop
active aids to the human system where the muscular activity is diminished or
atrophied. Or it may be possible to replace the function totally by an alternative
device. In the first case, the kinematics of each structural element (the knee,
ankle, shoulder, etc.) mast be examined in viva to exactly duplicate its residual
motion. This data can be used to design and demonstrate a class of actively driven
orthotic structures to replace or supplement the existing weakened muscular
activity. Such devices could be extremely valuable in training or strengthening
muscles that have experienced trauma. In the second case, total replacement by
means of an actively powered device (prosthesis) may be necessary. Here remaining
muscles can be trained to generate electrical signals to be interpreted by a
microprocessor which then would control the actuators of the device. A frequent
objective to assist quadraplegics is to implement articulated wheel chairs or roving
robot servants. All of these systems must be designed for the lowest possible
price, be as light weight as feasible, and be exceptionally reliable. Also, in
every case the man-%achine interface must be carefully matched to the individual be
it kinasthetic, voice, or visual. Indications are that this technology could be
pursued vigorously today and satisfying results would be expected.

0" 18. Agricultural Operations

One of the primary problems facing many agricultural operations is the
relatively high cost of labor intensive tasks associated with such functions as
fruit harvesting. The economic loss of inefficient or untimely harvesting (the
weather threat) can be devastating. The alternative pursued today is total plant

C harvesting where specially bred plants produce fruit that ripens simultaneously thus
allowing the plant to be destroyed during harvesting (i.e., as with tocmtoes). This
may lead to both economic and quality compromises. Hence, it is proposed to
demonstrate a new class of agricultural system which is capable of independent
action depending on the requirements of the unit operation. This may be illustrated
by the example of citrus harvesting. In this case, the ripe fruit can be identified
by its unique color (orange) relative to a dark green background. This
identification can now be accomplished by computerized vision which would identify
the fruit and provide data to the central processor to quantify the location of the
fruit. On this basis, a robot arm could be instructed to pick the fruit (a fact
confirmed by touch sensors). It is recomended that an array (perhaps 20) of
inexpensive modular robot arms be used to perform this function, each moving with
relatively low speed. If one failed, it could be temporarily removed without
shutting down the rest of the harvesting system. Similar developments could be
pursued in greenhouse, packing house, warelouse, cut flower, and packaging
operations. It now appears feasible to create a whole new class of technology
specifically suited to non-cereal grain agriculture.

19. Accident Missions

One of the unmet opportunities for robotics systems involves rescue and
surveillance activity associated with accidents such as earthquakes, fires,
terrorist bombs, etc. Recently, Nov York City and several other cities have
employed a roving robotic system to remove or disable terroris bombs. Each year,
many police personnel are injured or killed from bomb explosions. Also, in pursuit
of dangerous criminals, police frequently have to expose themselves to attack during
surveillance or apprehension. in the case of fires, firemen =st make every effort
to determine the whereabouts of trapped individuals in an on-going fire. Fire
resistant robots could be of real value in this surveillance function as well as
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providing sustenance (food, water, oxygen) or protective cover (fire retardent
clothes) to those trapped. Earthquakes require special material handling needs to
uncover persons trapped beloy ruins. 6

All of these applications require various levels of mobility, sensing, and
on-board intelligence. The robotic manipulator itself may be either simple or heavy
duty depending on the application. In disabling bombs, the dexterity and visual and
force feedback to the operator at a remote location vill have to be of the highest
order so that accidental activation of the bomb triggering device can be prevented.
For fires, it may be necessary to have the device climb the sides of buildings in
order to gain access to upper stories of buildings. The robot could carry a
lightweight cable which could be anchored on both ends. Then a powered trolley
could travel along the cable to rescue trapped individuals. It appears that
accident mission robots could have an enormous impact in life threatening accident
situations.

20. Training and Service Robots

A future opportunity for robotic technology will involve human augmentation in
the broadest possible sense. One of these functions viill involve training
objectives as now being demonstrated in ground based training systems for the
beginning pilot. Here, the system duplicates the flying cockpit environment as
accurately as possible including visual and notion feedback to the operator.
Similar training systems will be of high economic importance where the actual system
(say the operation of trains, large trucks, ships, nuclear reactors, surgery, etc.)
is either too expensive or too dangerous to duplicate in reality. In educational
institutions, at all levels, robotic technology will be used to enhance functional "
'learning (as nov being gained from computer games). fresently, only the simplest
digital or analog interface is being used. As an inexpensive man-machine interface
becomes more universal, this educational opportunity will rapidly expand.

Service robots have long been envisioned by science fiction and a fey
elementary examples have begun to appear. None of these systems are known to
perform useful work economically. The cost of such systems could easily exceed
$100,000. If one considers the functions that would be attributed to a "housebot"
one quickly realizes boy many unique operations would be necessary. It is
conceptually possible to create an autonomous robot vacuum cleaner. This device
would carry rechargeable batteries (to be automatically plugged in on demand), be
highly mobile, and be able to plan a complete traverse of open floor space while
avoiding all obstacles. It appears such a device would have several simply
articulated vacuum arms enabling access below furniture and in narrow volumes
between obstacles. Eventually, this market will be mec but, in the near term, only
specialized systems of high value (supermarket floor cleaners) should be attempted.

12
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I. MATRIX OF CON0?PEO T TECI.OLOCIES FOR ROBOTIC SYSTe!S

Thu integration of numazous technologies is one of the fundamental realities
of robotics (or more generally intelligent machines). Often significant progress
in the system development will occur after a breakthrough in a component technology.
Hence, except for exceptionally large research facilities, most research efforts
will pursue a few component technologies and look to the manufacturer to do the
system integration and development. The following 14 component technologies are
given to cover the broad spectrum represented by robotics. Each of these component
technologies will be describea briefly in the next few pages.

1. The structural geometry of the robot, its design and operation for
determination of its workspace, reach, dexterity, obstacle avoidance, etc.

2. Structural d'-namics of robot systems for modeling of robot dynamic

and vibration phenomena for purposes of design and improved operation.

3. Prime movers are the muscles of the maipulator whose precision of
operation is dependent on their response and resolution.

4. Actuator modules involves the structural integration of prime movers
into modules. of 1, 2, or 3 degrees of freedom which can be assembled
into a robotlc system.

* 5. End-effectors are the interface hardware and software to perform the
handling, inspection, machining, etc. task of the robot; they may include
special touch and force sensors.

6. GraDhics/CAD of robot phenomena to enhance interactive design and
optimization in complex manufacturing environments.

7. Sensor technology is essential to the eIistence of an intelligent 5
machine so that it is aware of its own existence and process parameters
associated with its operation (manufacturing, maintenance, etc.).

8. Vision is the specialized sensor capable by computer enhancement of
rapidly digitizing the physical environment of the robot allowing for
comprehensive planning and strategic operation.

9. Artificial intellience structures the decision making process for
multi-layered phenomena in the robot system.

lCY. Intelligent control involves the layered implementation of various
o control strategies on global and local objectives.

11. Software modules implies the compact and hardened packaging of
frequently used algorithms and their specialized chip assemblies.

12. Com=uter architecture involves the assemblage of serial and
parallel processors capable of treating multi-faceted computational
tasks within the concept of real-time operation of the system.

13. Communication interfaces involves the structural distribution of
operational decisions and data reduction and transfer of the sensor
signals among the various components and layers of the total system.

14. Man-machine interface allows direct human commmnication with the
intelligent robot to allow human augmentation in unstructured task
applications (micro-surgery, nuclear reactor maintenance, etc.).

13
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Of course, all of these component technologies are of primary importance to
the implementation of robotics to this spectrum of applications. Nonetheless, a
great deal can be learned by ranking the technologies with respect to their near
term and long term relative significance. The long term importance of a component
technology should act as a guide to the relative emphasis in basic research among
the various technologies. By comparison, the near term value of a component
technology should provide an indication of the relative development -effort now
likely to result in the best short term "pay-off" in actual application. The
results of an attempt to quantify these two levels of significance are given in
the following partial tabulation.

Normalized Long Term Normalized Near Term
Component Imoortance Comonent Value

Man-Machine 10.0 Structural 10.0
Interface Geometry

Vision 9.0 Man-Machine 8.5
Interface

Computer 8.0 Prime 8.0
Architecture Movers

ArtLficial 7.5 Sensor 7.4
Intelligence Technology

Sensor 7.3 Graphics/ 7.1
Technology CAD

Intelligent Communication 6.0
Control 7.3 Interfaces

Communication Computer 5.3
Interfaces 7.3 Architecture

Note that for the two application groups, military operations and
energy systems, the two cowponent technologies, actuator modules
and end effectorss show high long term significance.

The difference between the near term and long tarm rankings is due to the
fact that the technologies are not uniformly available in the near term where
it is assumed that they will have the same availability in the long term. In
this case structural geometry is thought to be 502 available, prime movers and
graphics/CAD at 35%, while vision and artificial intelligence are considered
to have reached only 10% of their real potential.
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1. Struccural Geomectr

The analytical tools to treat the operation and design of the georaecric
dimensions of robot arms has been found to be one of the most complex problems
associated with robotics. The cartesian robot contains no fixed dimensional
parameters. Many present dexterous arms (similar in proportion to the human
arm) contain two fixed dimensions. The most general 6 degree of freedom arn
would contain 18 design parameters all of which should be evaluated to enhance
the reach, dexterity, obstacle avoidance, etc. potential of robot arms.
Recently, researchers have shown that the complex mathematical control equa-
tions may fail frequently-and cause disconcerting disruption in the smooth
or precise operation of the arm. Future arms will be a balance among the
number of degrees of freedom (redundancy of 2 to make an 8 DOF arm) and the
level of complexity in the geometry and the associated planning and control
algorithms. Almost all existing arms are now serial devices (one link, one joinc,
one link, etc.). Future geometry will involve the study of parallel structures
for enhanced precision and load capacity. The scale of these devices could
become very small (miniature manipulators) putting increased demands on the
analytical theory and design methodology. Finally, two or more robots could
work together to perform an assembly, task (say welding). In this case, what
is their comon workspace, dexterity, and operating region without mathe-

-matical uncertainties or special locking configurations? What is the desirable
balance of complexity among the interacting arms?

2. Structural Dynamics

Most existing industrial manipulator arms are very flexible and easily
deform under load (from 0.2" to 0.4") and respond to simple hand shaking at
frequencies less than 10 CPS which means that their fastest cyclic speed would
not be better than 30 RPM (compire with most packaging machinery at 300 RPM
and some textile machines at 3000 RPM). The associated deformation may be the
result of dynamics of the system (usually known) or they may originate from
the task operation (routing, force fit assembly, daburring, etc.) which are
usually unknown. Many of these future applications of robotic manipulators
will require a high level of precision under large load variations. Today,
all manipulator systems operate open-loop where neither the dynamics nor the
external loads are accounted for. The barrier to meeting this fundamental
objective is the ability to create the modal in real-time (say about 30 hz).
Having the model in real-time would encble the compensation for the system

deformations and predicted Improvement of precision under load by a factor
of 10. As this technology becomes available, more robust control strategy
will be implemented to allow lighter weight structures (especially desirable
in serial arms). Also, as improved dynamic control occurs, redundant degrees
of freedom will be used to enhance controllability. Alternatively, the
dynamic modeling could, be made more accessible to real-time operation if
parallel structures were used. Associated with this activity is the dynamic
programing of the end-effector motion to reduce command shock induced
oscillations. This objective is closely related to the desire for high
speed "slewing and touching" in mLim time. None of this activity can move
forward without accurate parameter identification for the link masses, link
deformations, actuator control circuit parameters, etc. As many as 130
parameters are involved. Hence, it will be essential to develop design tools
and criteria for these lighter and faster arms.
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3. Prime Movers

The muscles or energy sources which move the manipulator arm are the
prime movers of the system. These components may be electric, hydraulic,
or pneumatic. Electric prime movers are increasingly more common. Because
of their inherently low load capacity, they almost always require mechanical 6
force amplifiers in the form of gear trains or metal tapes. These amplifiers
all add weight, compliance, and backlash, and they increase maintenance and
reduce reliability. Hydraulic prime movers, although powerful, exhibit limi-
tations such as fluid leakage (critical in some clean room operations),
sensitivity to dirt in the fluid passing through delicate servo-valves,
stiction, and variable bulk modulus in the fluid circuit. Pneumatic actuators
are inordinately "soft" and very difficult to control for precision positioning
under load.

New electric prime movers are appearing (based on rare earth materials)
with increasing load capacity and therefore reducing the critical parameter
of weight. Amorphous materials (powder metallurgy) may significantly reduce
hysteresis losses having the same effect. Better control through PWM of
DC motors based on V-MOS technology and hybrid implementation of digital
and analog designs should provide enhanced load capacity, dynamic response,
and resolution. Antagonistic impulse control circuits may soon be developed
with "cros-firing" to further improve positional resolution. Miniaturized
prime movers are one of the critical unet needs required to drive improved
robotic hands or micro-manipulators suitable for micro-surgery, micro-assembly,
and small scale inspection and maintenance. At this scale, positional reso-
lution degrades rapidly due to the increased relative significance of friction.

4. Actuator Modules "

Modularity of the prime mover and its surrounding physical structure
is perceived as a major opportunity to reduce the 6 to 7 year design-to-
market cycle tme now required for new generations of robotic manipulators.
These modules (or building blocks) would be a series of 1, 2, or 3 degree-
of-freedom (DOF) units which could be assembled rapidly by a designer to
respond to the requirements of a given application. Such modularity would
do a. great deal to increase the breadth and rapid diffusion of robotic
systems.

Most actuators presently being used in manipulators are off-the-shelf
prime movers not specifically designed for precision control of large coupled
motions as occur n robots. This approach does not lead to an optim- balance
between the best ,characteristirs of the prime mover and the physical structure
of the system. Presently, many actuators are coo heavy, have poor response
times to enmands, generate backlash Inaccuracies, have poor resolution, are
not stiff under load, and do not contain any local intelligence. The next
generation of robot must be constructed from a large class of near optimum
actuator modules which contain their own sub-systems for sensing and intelli-
gence. These modules must be rapidly scaled (small and large sizes) with
standard physical and software interfaces for effortless assembly. Enhanced
maintenance due to this modular design is an obvious benefit. This approach
is the primary reason that the application of the modular micro-chip is so
widespread.

A manufacturer has recently announced a 3 DOT hydraulic wrist. Cincinnati
Hilacron has aggressively implemented their three-roll wrist. A Japanese

0 painting robot uses a sophisticated linkage based 3 DOF wrist of high dexterity.
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The human system is composed of a 3 DOE shoulder, a 2 DOE ankle, a 3 DOF
wrist and forearm, a 2 DOF knuck .e, and a 3 DOF hip. These systems are
capable of high positional resolution because of muscular antagonism,
therefore eliminating backlash. Friction at very small scales can be reduced
by using anti-friction ceramic bearings. Parallel linkage structure can be
used in the module to create very high stiffness with low weight. Hence, it
can be argued that the next generation of robotic system will come a great
deal sooner if a major thrust for structural modules were pursued.

5. End-Effectors

End-effectors are the tools attached to the end of the manipulator arm
to perform specialized functions such as welding, drilling, locking or
unlocking bolt assemblies, etc. Frequently, specialized tools must be inter-
changed, a process which must be time efficient and very reliable. Some
end-effectors are wlti-purpose devices in the same sense that the human hand
is able to hold a hammer, screwdriver, or other handtool. Generally, the
complexity of the terminal device is an inverse function of the complexity
(or dexterity) of the arm. As the technology matures, it is expected that
general purpose terminal devices (hands) will reduce demands for versatility
on the manipulator arm. I.e., small end-effector motions (in the form of a
3 DOT to 6 DOE micro-manipulator) will make large system motion less necessary.

The normal medium size gripper of today is a simple pair of parallel
fingers capable of holding a 5" weight of 10 lbs. Generally, these devices
are clumsy and require excess maneuverability to grasp a generic object.
Frequently, they incorporate some elementary force and proximity sensing.
Specialized end-effectors for drilling- sanding, painting, cc. will continue
to be developed. All indications are that a new generic hand is required to
reduce the number of special tools necessary to perform a range of unstruc-
tured tasks. This hand should have 3 or more compliant coordinated fingers
of medium dexterity with good incremental force sensitivity capable of
grasping and orienting an arbitrary object in space. The power source and
intelligence for this generic hand should be contained within the unit itself
because of the difficulty of passing control forces through the wrist of the
manipulator. Leakage of hydraulic fluids would limit the usefulness of such
a hand. Hence, miniaturized prime movers must be developed for this appli-
cation. The fingers for this generic hand should employ a robust, low
hysteresis touch sensor with I gram sensitivity and a dynamic range of
1000 to 1. The desired resolution would approach 1000 points/in.2I Preferably,
the sensor would process this force data locally at the sampling rate of 100 he.
Once the technology for such a hand has been demonstrated, it will be necessary
to fill out the spectrum between it and the specialized devices prevalent today.

6. Graphics/CAD

Because of the generality of motion during operation and the large number
of system design parameters, the design of manipulators is an expensive, time
cons-ming and challenging task. The magnitude of this task can be illustrated
by noting that a generic six degree of freedom serial manipulator can have as
many as 18 geometric parameters, 60 mass parameters, and 42 stiffness para-
meters along with 12 or more actuator parameters. The design and development
of such a generic structure can cost millions of dollars (the space shuttle
manipulator cost $100,000,000 to develop). As requirements for precision
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operation, cyclic speed, and external loads increase, the ability to meet
complex design objectives becomes more critical. In order to provide
enhanced system design and expand the designer's understanding of and control
over the design process, it is essential to utilize rapidly growing computer
capabilities and availability of computer-aided design and engineering a
(CAD/CAE). Efficient computational tools developed in this effort can also
lead to improved manipulator control algorithms which consider how the
effective stiffness, strength, and speed characteristics vary throughout
the workspace. For example, no known method exists to analytically distribute
the actuators along the manipulator arm with regard to load capacity, spring
stiffness, speed of response, etc. -

Supporting this effort must be an effective graphics feedback structure
to the designer. The mathematical analysis of robotic manipulator mechanisms
leads to intricate vector relationships which can not be visualized without
graphic assistance. The problem of rendering prismatic, pyramidal, and
spherical objects must be solved in real-time as a three dimensional image.
Since the functional relationships are known to be highly non-linear, typically
dominated by long strings of trigonometric operators, tabular decision rules
may be necessary. Specialized hardware may be necessary to calculate the
required rotations, translations, and scaling (preferably within nanoseconds).
Coloring can be used to provide visual clues for local deformations, actuator
load demands, actuator, response demands, vibration modes, etc. Given the 0
existence of this technology, it would then be feasible spatially to integrate
robotic manipulators in a work cell, to sequentially monitor an assembly
process from beginning to end, to study the spatial interaction of two
manipulators, etc. to train an operator of a robotic work cell, etc.

7. Sensor TechnoloMy

For robotic systems to become more intelligent, they will require a wider
spectrum of precision sensors such as proximity, range finding, position,
touch, etc. Modern electronic technology has established fabrication tech-
niques at small scales that can be applied to the development of new and/or
greatly improved sensing elements. Force sensors deserve special attention
because of their irreplaceable role in an-machine com-mnication and enhanced
machine intelligence. Integrated strain gauge elements and piezo-resistive
films can be deposited directly on compliant structural alments to generate
signals to be interpreted by Local VLSI electronics. The scale of such
devices must match the scale of the task spectrum of the robot. Industrial
robots involve force levels of 5 to 150 lbs. and must provide high reliability
with minimum compliance. For miniaturized systems, a range of a few ounces
and a relacively higher compliance would prove acceptable. Today, exceptionally
few such devices are employed, indicating that robotic systems operate at a
very low level of intelligence.

Progress has been made on joint position encoders where angular resolution
of 20 to 21 bits is now feasible (1 part In a 1,000,000 or I arc second) but
at high cost ($10,000) and size. Some industrial applications would warrant this
resolution when specified end-effector accuracy approaches 0.001 inch. Force
sensors of 50 lbs. maximum load and 1 oz. resolution have been developed and
are being marketed for approximately $3,000 to $8,000. In themselves, neither
of these systems are sufficient to accurately locate the and-effector in world
coordinates. The primary dilemma for sensing to-date Is that accurate data
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on the spacial location of the end-effector (and the rest of the arm as well) wic;.-
out using sensors actac.ed to the arm structure (which introduces defornation
errors, noise, and great complexity) remains essentially impossible today. Some
acoustic and laser range sensors are known to have resolutIons of I part in 1000.
The resolution of the laser range finder would be enhanced by retro-reflectors on
the end-effector. Concepts of optical triangulation, structured light, and laser
interferomecry have been brought forward to meet this problem. Not only must line
of sight be preserved but high speed data reduction would be essential. The lack
of this type of technology means that adequate compensations for target deviation
is not possible. Hence, robots cannot be caught off-line to do precise operations
which implies that the data base of the factory of the future is of nominal value.
A solution to this problem would represent a breakthrough in robotic sysem con-
trol and therefore a much broader range of useful applications.

8. Vision

Vision has long been perceived as an important information feedback technology
for intelligent machines. With human operators in the control circuit, the use of
vidicon cameras is comon. These cameras are now available at 2/3 inch diameter
with 600 lines of resolution and 5 liz intensity. Solid state cameras are now
able to match these properties. These cameras can now display up to 800 by 800
pixels at 2,000 frames per second. Some of the systems can display up to 64 gray
levels (only one ii known to display color). The primary barrier to the applica-
tion of solid state cameras for autonomous operation is that scene quantification
of visual shape data is very time consumIng for the computer system.

Consequently, much of the development ef fort in recent years has been tar-
geted towards meeting simple scene analysis useful for gross positioning of planar
objects or the inspection for salient features such as holes and edges. In the
United States, 60 to 80 companies are now offering image analysis systems. Of
these, 20 are dealing with comlex vision tasks. The most con technique is
image or template matching by means of feature extraction (edges, curvature of
edges, area moments of inertia, number of holes, array configuration of holes, etc.).
One recent offering uses parallel processing and pipeline architecture to treat 350
planar images/sec. with 64 gray levels in "nearly" real time. Another company uses
training in terms of a known object using gray scale, textures, color, and light
intensity in a combined recognition scheme. Finally, structured light has been
used by one firm to check 1250 dimensions on an engine block to a tolerance of
0.015" accuracy over a time period of 35 mlnuces. The cost of the system could
exceed $200,000.

0 Present vision systems appropriate for integration in robotic systems have
a resolution of I in 200 or 0.5%, far below that required for tolerance inspection
and approximately one order less than the positional resolution of recent preci-
sion arms. The number of objects that may be analyzed in the scene is limited
by the computational speed of the processor. Further limitations are: required
dedicated lighting (preferably as a silhouette), vertical viewing above the planar
surface, and limited overlap of the objects. Uniform agreement centers on the
need for processing speeds to be increased by two or more orders of mnitude
which is probably only feasible by specialized parallel processing architecture
or special chips specifically designed for feature enhancement (such as edges).
Computacional vision becomes more important as the task becomes less structured
vhich implies the need to treat 3-D objects in a generic fashion using color,
texture, surface normals, binocular vision, etc. A combination of knowledge
base and extremely high speed computation appears to be the only feasible means
of achieving real time visual feedback.
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9. Artificial Intelligence

Artificial intelligence represents the highest level of decision making
required of complex autonomous or semi-autonomous syscems such as robots. Machine
intelligence implies the implementation of artificial intelligence (decision making)
in the operational software of robots. A broad thrust in machine intelligence
development is undervay in the robotics research community as represented, for
example, by several operational robotic manipulator control languages. The overall
goal is to create the best structure for the complex layering of performance
criteria in coordination with operational means to satisfy some functional task.
One facet of this effort is optimal control of multiactuator systems, general path
planning, and navigation in terms of imperfectly quantified and statistically
changing parameters associated with robotic manipulators.

One of the first steps in treating a complex system is the establishment of a
world model which includes the knowledge base, state of the task, expectations based
on experience, task times, history of the system degradation, potential obstacles to
success, etc. Associated with the world model, is the layered task decomposition of
the system operation (i.e., plant-planning, *hap-resource allocation, cell-
inventory, station-parts handling, machine--part processing procedure, task-motion
planning, trajectory-motion control, tolerances-sensor and actuator commands).
Optimal task decomposition implies that equal portions of the system's resources are
applied to each task level. System operation that is in good agreement with the
world model is continued. Otherwise, poor results suggests chat this experience
should be used to change the world model and the system operation. This may also
mean a new task decomposition to better allocate internal resources relative to
bottlenecks in the flow of input information (from sensors) or the flow of command
information (from processors). As the world model and the balance of task
decomposition improves due to experience, -the level of internal decision making
should diminish and the speed and reliability of this decision making should be
enhanced. Research on artificial intelligence should first be pursued in terms of a
well defined system having easily measurable performance objectives. Rule-based
reasoning can then be used to adapt the artificial intelligence model to the
realities of the actual system. This improved world model for Al could then be used
to adapt other Al models based on imprecise internal definition and/or fuzzy
performance criteria.

10. Intelligent Control

Here intelligent control is intended to mean the global and local control of
the system's operation to meet established performance criteria. Status information
comes from a series of sensors (tactile, force, visual, etc.) and the data is
reduced and interpreted by either distributed or central processors. This inter-
precation yields command signals to the actuators to carry out the desired
operation. One objective is to make the manipulator "electronically rigid" in order
to reiist all work forces with effectively no deformation and therefore superior
precision. Another objective is to make the arm "electronically massless" in order
to make system response to commands extremely rapid such that high cyclic speeds
can be achieved. A third objective is to make the system parmeers "electronically
constant" so that syscem operation, once perfected., hould remain invariant. Another
representative objective of intelligent control is enhanced smoothness of the
prescribed motion in order to reduce shock induced oscillations in r*e physical
structure of the manipulator.

Precision under load is not feasible with today's manipulator technology. In
addition to real-time dynamic modeling, a new type of distributed control Vill become
essential in order to provide precision =mder load. Essentially, the large system
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motion is too highly coupled and non-linear to respond to sensory data involvin
deformations occurring at a much sma.1er scale. Hence, a new layer of control soft-
ware and hardware must be developed to treat this small scale function.

Vibration oscillations is the principal limiting factor preventing increased
cyclic speeds. Experience with mechanical systems indicates that such oscillations
are usually generated from shocks in the comand signals. This means that the siL-
plistic start-stop (bang-bang) control of some systems is the worst possible approach.
Generalized motion programming synthesized to enhance the smoothness (shocks occur
only at the higher derlvatives) is now being developed based on the wide experience
derived from the programing of read only memory machines such as cams.

Industrial robots do not exhibit perfectly invariant parameters within the
complex control and structural subsystems. The sources of the parametric varia-
tions may come from changes In actuator electrical resistance (or hydraulic fluid
temperatures), friction in joints, dimensional changes due to temperature fluctu-
ations, etc. Implicit parametric variations may also be due to imperfect numerical
values used in the deterministic model. The objective would be to characterize these
parametric variations and to develop a self-organizing adaptive system to compensate
for these variations with reference to the nominal deterministic model. Such a
self-calibracion system has recently been demonstrated to maintaiLn positional
accuracy of an assembly robot.

It is expected that the most advanced level of intelligent control will involve
integration of Al principles for perception, feature extraction, image recognition
and cognition. This advanced robot control will include unmanned decision making,
planning behavior, interaction with other robots, and interface with human opera-
tors. A enhanced control will structure the motion trajectory, timing, avoidance
of "obstacles", navigation, strategy, experience driven learning, and lead to a
form of anthropomorphic intuition. The actual control of a complex multi-actuator
system can only be achieved by voltage commands to and feedback gain adjustment. of
the actuators themselves. Today, limited success in this final step has been
achieved. Intelligent control at this level will be the result of a mrger of Al
and modern control theory integrating the advances for stochastic and non-linear
systems as well as self-organizing and learning adaptive techniques.

11. Software Modules

Clearly software is a critical operational ingredient for robotic manipulators.
Thus far a few languages for system control have been developed primarily to enable
positional progra-ing and control of the system. As the desired performance of
robots is expanded, they will necessarily become more sensor based and more intelli-
gent. But this intelligence will involve an incrased level of software. As sug-
Seeted for actuator modules, the software system will be more rapidly developed and
diffused if it is modularized. Then, the system designer will be able to more rapid-
ly assemble a total software package from perfected modules that can be easily de-
bugged or replaced with more effective umits when they become available. Such
modules could be designed to operate at the highest available sampling rates in
hardware dedicated to the software module. Since such modules would be widely
used, the associated hardware would become much less expensive.

Appropriate candidates for software modules are associated with smart sensors,
prime movers and actuators, end-effectors, and vision. Other modules would depend t
on the task decomposition of the system. Each task level would involve sensory data
from below interpreted by the module combined with commands from above to generate
commands to send down and to generate a higher level of information to pass up to
the next level. Disturbances or new "world" information could enter horizontally
at each task level. At each level several sources of sensory information from below
would have to be integrated while the command signal would have to be passed to the
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lower loyal. Thus a generic control structure could be used at each level. The
format, sampling rate, and quality of information would be dependent on the ' .;hc
in the hierarchical tree. The total computation effort per hierarchical modu-a
would be kept as constant as possible to reach opti=-u results.

12. Computer Architecture

The growth of the field of micro-electronics is the primary reason that
accelerated development in robotic systems technology becomes feasible today. The
goal is the distribution of micro-electronic hardware modules throughout the system
(distributed intelligence) in order to make smart sensors, smart actuators, etc.
Because these hardware modules are each dedicated to a unique task, the calcula-
tions could be made more rapidl7 in special high speed arithmetic processors.
Another opportunity is the trade-off between computational speed and precision for
robotic motion. The model is based on CORDIC perhaps best known for its use in
hand-held calculators. Basically, the process is an iterative procedure for func-
tion evaluation (such as trigonometric functions) where with each iteration, addi-
tional precision is obtained. Hence, speed and accuracy are natural trade-offs in
this process. In robotic systems, precision is usually required at only a few
positions in the cycle. The required equipment would involve only standard firm
ware components, notably bit-slice processors. and high-speed look-up tables (ROMlS).
For example, the TRW 24 z 24 bit multiplier chip can be used to multiply two 32-bit
floating point numbers in 200 nanoseconds. This speed is 400 times faster than the
fastest multiply statement executed on the DEC PDP 11/23.

One of the primary problems limiting progress towards real-time operation of C
intelligent robots is that existing serial processors are poorly suited to treat
the fundamentally parallel nature of the phenomena of robotic manipulators. For
example, future systems may involve many sensors generating a large nformation
array all of roughly equal significance to the system. This reality of excess
data, all at the same level, has been adequately demonstrated for machine vision.
It is much less wel understood with regard to the real time operation of the
dynamic model of the manipulator system. There are six distinct computational
levels which must be implemented serially. Within each of these levels 100 to 800
distinct independent functions can be calculated in parallel. This massive func-
tional parallelism shows that parallel processing is essential for the real time
control of any system having the geometric complexity of a general robotic mani-
pulator. As mentioned for spatial end-effector position sensing, an economical
parallel processing architecture would represent a brak-through for the next
generation of robotic system.

13. Com-ication Interfaces

Many practitioners in robotic Implementation have discovered commimication
=is-matches between system components (primarily at the machine level). However,
as the data base of the factory of the future becomes more addressable, the need
for very highly integrated communications will become imperative. Since no one
manufacturer will supply all factory units, standardized interfaces will become
very desirable. At the other end of the spectrum are the interface needs between
robotic components such as sensors, actuators, distributed processors, etc. Some
of the issues are voltage levels, rates of sampling, numbers of channels, multi-
plex-Ing, AD-DA converter technology, scaling, synchronization, error filtering,
noise reduction and isolation, and data compaction. Obviously, both hardware and
software issues are involved. The goal must be to standardize as many of these
interfaces a possible. The National Bureau of Standards robotics program is
pursuing this objective as one of their major missions. The Navy s working on
ways to establish accurate long range communication with untotherd vehicles in
the difficult modium represented by ocean sea water which contains debris. In the
Oak Ridge National Laboratory fuel reprocessing plant development, tethers would
drastically limit mobility of the maintenance and handling equipment. Hence,
special frequency radio wave systms are planned to ensure complete mobility.
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14. Man-Machine Interface

Almost all of the development work now being pursued in the U.S. deals with
autonomous machines. This approach assumes that artificial incellidence can be
transformed into an operational machine intelligence capable of duplicating or
exceeding the judgement and decision making capaoili:ty ot the human operator. For
repetitive, and highly structured tasks as occur in simple manufacturing processes
(pick-and-place, spot welding, spray painting, etc.) this is possible. For casks
such as complex assemblies, nuclear reactor maintenance, or avoidance of maneuvers
of an intelligent enermy, the required level of intelligence does not appear to be
feasible in the next two decades. The best near term opportunity is to use a
balance of human and machine capabilities. As the machine technology improves, less
will be asked of the human and more of the machine. This man-machine approach
allows the most rapid penetration of the manufacturing market with near-term
technology, allows a gradual and natural transference to more machine-oriented
systems, and allows a minimum disruption of the manufacturing workforce.

The objective is to develop a transparent and universal interface between the
human operator and the robotic manipulator. C- ands to the manipulator from the
human must be made in the moat natural manner (voice, digital, or kinesthetic) and
must occur with a minimum burden on the operator. Force feedback is critical to the
full awareness of the operator. In other words, the interface must be optimized for
the most effective use by the operator. Also, information derived from sensors on
the slave manipulator must be enhanced by the interface software in, order to make it
as useful as possible to the operator. Since the human's instincts are to operate
in real-time, the sampling race of the system must exceed 30 hz. The manual
controller is effectively a light weight robot which drives the slave manipulacoc
through digital co-ands. Hence, this system is essentially equivalent to two
cooperating robots. This is why numerical interfacing of a manual controller and a
robot manipulator is much more difficult than operating an autonomous robot.
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0
III. CRITERIA FOR ADVANCED ROBOTICS TECHNOLOCY

The following is a listing of 14 distinct criteria that may be used as indicators
of the level of the technology available in an advanced roboc.c system and may be auseful means to judge progress of the technology under development.

1. Multi-task cavabilitv means the number of different physical tasks that
can be performed by the same robotic system.

2. Level of machine intelligence implies the level of integration of com-
puter hardware, software, and artificial intelligence to make the
system as autonomous as possible.

3. Time efficient ooeration implies the speed at which the robotic system
performs its task relative to the human performing the task alone.

4. Unstructured task level suggests the level of numerical uncertainty
of the operation :hat is to be performed by the robotic system.

5. Geometrical dexterity is an indicator of the motion range the end-
effector can move through while performing physical tasks.

6. Portability and mobilitr' implies the level of movement the total
robotic system has relative to a stationary (fixed shoulder)
manipulator.

7. Precision is an indicacion of the absolute precision of placement of
the end-;ffector in world coordinates in response to simple numerical
commands.

8. Load caoac y clearly implias the ability of a robot to carry or
resist a given load without major daformation.

9. Reliability is an indicator of the failure rate of the total
robotic system.

10. Obstacle avoidance suggests the ability of the robot to avoid
obstacles in its work anvironment.

11. Force sensing suggests the measurement of forces in the manipulator
system to be evaluated by the machine intelligence to judge working

forces or to compensate for manipulator deflections.

12. Smoothness of operation iWplies the lack of backlash or very large
deformations in the manipulator system.

13. Oerational envelope gives an indication of the working range
available by the rooot without moving its shoulder.

14. Vision corresponds to shape recognition either by analog feedback
to the human operator or by digitizing the scene and providing numerical
shape recognition.
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For all applications, the most important robotic characteristic does not
outrank the least by more than a factor of two. The range is up to a factor
of 4 among some of the application groups. This data is partially tabulated
below in order to establish the most siginificant properties of robotic systems
for each application group. Generally, as the application warrants or allows
autonomous operation, the characteristics of machine intelligence, precision,
vision, sensing, and reliability become important. For unstructured task appli-
cations requiring a balance between man and machine, characteristics such as
multiple task capability, mobility and portability, obstacle avoidance,
reliability and unstructured task level have an increased importance.

Component Rank

All Group Level of machine intelligence 10.0
Applications Multiple task capability 9.0

Reliability 9.0
Mobility and portability 8.6
Precision 7.8
Time efficient operation 7.6

Industrial Precision 10.0
Automation Level of machine intelligence 9.3 0

Vision 8.3
Force sensing 7.5
Smoothness of Operatic-i 7.3
Obstacle avoidance 7.3

Energy Multiple task capability 10.0
Systems Portability and mobility 8.5

Reliabilit7 8.0
Level of machine intelligence 7.2
Load capacity 7.0
Geometric dexterity 7.0
Unstructured task level 7.0 (
Time efficient operation 6.5 S
Precision 6.5

Military Level of machine intelligence 10.0
Operations Portability and mobility 8.9

Reliability 8.7
Time efficient operation 7.9 0
Multiple task capability 7.9
Obstacle avoidance 7.7
Unstructured task level 7.7

Hunan Portability and mobility 10.0
Augmentation Reliability 8.9
& Agriculture -. Multiple task capability 8.4 5

Unstructured task level 8.0
Vision 7.0
Obstacle voidance - 7.0
Level of machine intelligence 7.0
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One of the principal responsibilities of a research teem is to develop the
technological criteria necessary to measure the impact of proposed or actual
advances in that technology. For robotics, as an immature field, many of the
criteria are new and relatively unknown in their overall importance to the resulting
system's operation. The folloving 14 factors should prove 'adequate to define and
evaluate a generic robotics technology.

1. Multi-Task Capability

The operational task spectrum of most industrial robots is severely limited.
Some are limited to a single function such as pick-and-place. Others can perform
sequential spot welds or pre-programmed painting. The most advanced system of this
type can perform approximately 20 distinct operational functions.

The concept of malti-task capability means that a wide range of functional
tasks can be performed by the same robotic system. This concept can be illustrated 0
by the example of PWR stesm generator maintenance where the sleeving task may
require up to 25 sequential sub-tasks all representing distinct operational
requirements. The steam generator presently requires 18 tasks such an plugging,
sleeving, etc. The nuclear &team system of P's represents 10 distinct system
component tasks such as the steam generator, pumps, valves, etc. The combined

generality of system tasks, component tasks, and sub-tasks is the primary reason why 0
a generic technology is essential for a multi-purpose robotic system operating
within an unstructured environment. Should the unstructured nature of the task be
articulated by unknown or unfriendly forces, the need,for Sneric technology becomes
even more critical.

2. Level of Machine Intelligence

The primary objective of machine intelligence is to produce a quality of tmcion
at least equivalent to the human acting alone. To accomplish this level of
performance requires a level of sensibility to the operational environment and
supporting intelligence similar to the sensing and reflex action (distributed
intelligence) in the human arm. Since no robotic system today exhibits any
significant level of intelligence, effective integration of %achine intelligence
would provide a real opportunity for improved performance. Simple off line pre-
programing is insufficient to treat the unstructured task spec:rum described in
item 4 below. A combination of human intelligence and machine intelligence in a
balance best *uiced to perform a given range of tasks is recommended for the
performance of all but the simplest structured tasks.

3. Time Efficient Operation

In many robotic functions, the time required to perform a given task may have
significant economic impact or i, may be crucial to the overall effectiveness of the
task being performed.

For nuclear reactor maintenance, the availability of the reactor for power
production is a major economic issue. Zn military operations, time may be essential
in response to a surprise attack or a rapid change in tactical plans. The essential
requirement is that the robotic system be at least an-equivalent in this regard.
In nuclear reactor maintenance, the goal should be to reduce task times by 50%
which would have hundreds of millions of dollars per year benefit. The present
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light duty hot-cell master/slave systems exhibit task performance eight times slower
than the human acting alone. However, if the human operator is removed completely
from the hazardous environment, other benefits accrue since the environment can be
greatly simplified (reduced cost) or mare rapid scar-up can be achieved. For this
reason, an Improvement of two or three times in direct task time performance (over
the present technology) by the robotic system may veil prove sufficient to achieve
overall task times one-half of those for the hirman acting alone.

4. Unstructured Tasks Level

Here the concept of an unstructured task means chat the operational environment
is not quantitatively known to the operator, to the machine intelligence, or to the
data base. Many systems such as nuclear reactors are documented as designed not "as
built" and they frequently are not provided with any reference benchmarks. This
means that sensing feedback (both force and visual) is essential to the performance
of unstructured tasks. Machine intelligence enhances this perception and makes
system performance more accurate and rapid. Generally, most existing systems for
remote operations provide a modest capability to treat the lack of definition
represented by the unstructured task.

5. Geometrical Dexterity

Geometrical dexterity is meant here to denote end effector motion of great
generality in space. The human hand moves vith a first level of dexterity augmented
by the additional 6 DOF supplied by the human shoulder. Using a fixed shoulder

would dramatically limit the human arm's dexterity. The ability to analyze arm
geometry is now well established. To-design for a required level of dexterity has
been shown to be feasible and progress is being made. One of the best ways to
increase dexterity is to add 2 DOF to make an 8 DOF arm. These extra (redundant)
DOF makes obstacle avoidance much more likely. Unfortunately, these redundant
DOF make the control of such an arm very difficult. A solution to the dexterity
design problem is required in order to provide the designer an essential tool to
select the best possible manipulator geometry.

6. Portability and Mobility

Portability of the robotic system implies that it can be broken down into
modules vbich can be carried to the work place by a human operator and quickly
assembled. The suggested weight limit per module is 35 lbs. 'Such a weight
restriction creates an unusual demand to design light weight actuators and to use
special light weight materials (composites or carbon fiber).

Mobility implies that the system could move over (or traverse) an obstacle
strewn area. To dare, no such ststmn exists in the general sense. Special tracked
vehicles, track followers, and wheeled vehicles are used to traverse relatively
smooth surfaces (or fixed tracks) with minimal obstacles. Unfortunately, for many
applications, these special conditions do not exist. Mobility would have special
significance to surveillance and to dedicated autonomous units for military
applications, accident missions, and ocean floor activity. During the past 20
years, significant laboratory work has been on-going on the generic concept of
valking machines for mobility purposes.

I
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7. Precision

The absolute precision of most industrial robots is known to be not better than
0.05 inch and many are far less accurate. Yet, many assembly, velding, and light
machining operations require a precision of 0.01 inch. Further, fine positioning to
0.001 inch is sometimes necessary. For the example of nuclear reactor maintenance,
the overall need, with regard to precision, is equivalent to that of a portable
machine shop. This level of precision puts an unusually demanding resolution
requirement on the actuators.'and their control system. The control encoders and
actuators must be capable of steps of 10 seconds of angular rotation. Most
actuators fall far short of this, especially if they must provide a high load
capacity. In addition to these precision requirements, the more difficult condition
is to maintain precision while the manipulator experiences large load variations.
It is common for external loads to dearade the unloaded precision by a factor of
ten. The reader can prove this reality to himself by "shakIng hands" with a few
industrial robots. It is not mcommon to easi-ly achieve oscillations of 1/4 inch
in magnitude.

8. Load Capacity

The load capacity of the arm is primarily dependent on the size of the arm's
actuators. Generally, about 90Z of the arm's deformation occurs at the actuators.
Today light duty arms are designed to carry 10 lbs. Infrequently, arms are designed
to carry 200 lbs. but they are heavy, imprecise, sluggish, -nd certainly not
portable. A load capacity of 200 lbs. is recomended.for stream generator
maintenance in nuclear reactors. In aicro-surgery, load capacity may be measured in
ounces. One of the beat ways to improve load capacity is to place the actuators in
a parallel structure so that they can be carried by the base and not by the arm as
they are presently for serial manipulators. Another usefuL effort is to seek an
optimal distribution of actuator sizes in a given arm geometry.

9. eliabilicy

Industrial robots, today, have established a very high operating availability
of approximately 98. These units are marketed only after prolonged testing and
redesign. Nonetheless, in other unique applications, this extensive history is not
available to ensure high realiability. This property is especially important in
such operations as nuclear reactor maintenance. Failure would man difficult
retrieval and an extended down tim (at great cost) of the power plant. Here, the

8 goal is failure in I of 20 field operations (each Lasting 2 to 5 days). Failure is

else unacceptable where human life is involved as in accident missions, military
operations or ocean floor activity. Predictably, the simpler systems having lower
intelligence will be substantially more reliable. Bence, it can be recomended that
for an integrated system with all technologies implemented, numerous field
demonstrations will be necessary to perfect the system in order to make it
sufficiently reliable.

10. Obstacle Avoidance

Many unstructured tasks must be performed within a volume containing knovn,
unknown, or moving obstacles. Today, working in an obstacle strewn environment is
rarely considered in automation operations on the factory floor. Almost no existing
robot has a signi icant level of obstacle avoidance capability although those which
are anthropomorphic are more able to avoid obstacles. In the case of steam
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generator maintenance, access is difficult. In nuclear reactor systems, the
maintenance operation for piping and valves is heavily obstructed by obstacles. The
best way to achieve increased avoidance capability is to increase the generality of
the arm's geometry. Beyond this, increasing the DOF to 8 will prove very
beneficial. Unfortunately, both of these steps make the design and control problem
much more difficult. Having the increased generality makes increased machine
intelligence essential to benefit from proximity sensors on the arm.

11. Force Sensing

Force sensing is the most basic sensing parameter necessary for feedback to the
operator or to the machine intelligence of a robot operating in an unstructured task
regime. Other sensors are tactile sensors in the fingers of-the end-effector,
torque sensors at the actuators, etc. An accurate level of sensing should
dramatically improve the system's operation making it possible to perform such
functions as haemring which are essentially impossible today. Assembly operations
are known to be significantly faster and more reliable with force sensing in the
system. Some servo master/slaves exhibit a reasonable level of force sensing today.
Unfortunately, the master/slave system can not easily be generalized and does not
lend itself easily to the integration of machine intelligence.

12. Smoothness of Operation

Smoothness of operation of the system implies that no unexpected or
unpredictable phenomena disturb the human operator or the machine intelligence in
the performance of the operation task. These disturbing phenomena are backlash and
large system deformations. Present light duty arms avoid backlash but they exhibit
very high deformation under load. Present heavy duty arms may allow as much as 1/4
inch backlash at the end-effector. Advanced system design must avoid these
pitfalls.

13. Operational Envelope

The reach of the arm directly effects the size of the operational envelope or
field of movement of the manipulator arm. Small arms (of 3 ft. reach) tend not to
be able to duplicate the scale of human motions. Many maintenance tasks for nuclear
reactors and some military applications require arms of 6 ft. in length. Unfor-
tunately, the stiffness of these arms is inversely proportional to the cube of its
length; i.e., it becomes compliant very rapidly. But the reach concept of the arm
is mch more involved than it first appears. To be able to approach an extreme
position and remain dexterous is usually not possible. As one approaches the limits
of the operational volume, dexterity deteriorates rapidly. Kaintenance tasks such
as steam generator sleeving require high dexterity throughout the work volume.

"14. Vision

The sensing information by analog or computational vision is known to be an
essential ingredient in the operation of robotic systems in unstructured task
regimes. This information may go directly to the human operator or to the machine
intelligence, or to both. Recent progress in analog vision has been sluggish and no
breakthroughs are expected. Analog vision displayed for the human operator enhanced
by machine intelligence is an untapped opportunity. Furthermore, the use of digital
vision or graphics could be valuable in training systems for the location of (
obstacles and other features. Vision technology can be enhanced by better
integration of automatic camera control and foveal vision.
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As robotic manipulators are called upon to perform a greater variety of

tasks, Increased dynamic performance is required forcing the development of
improved control algorithms. Such-algorithms are invariably tending to
require a reference model of the Thanipulator to be employed in an adaptive

control scheme. To date, the computation of such a model has been
considered a time consuming task even for off-line simulation purposes. The

C application of array processing techniques to this problem is facilitated by a

decoupled form of the controlling equations. A decoupling of velocity and
acceleration from position dependent terms results if the equations for the
inertia torque of an N-link serial manipulator are written as:

"P*1 "'e * I "' "I" "

where:
N Is the number of links
11*1 is the generalized inertia tensor, independent of e and e

[Pn * Is used to compute the torque at joint n due to the change In 1101.

It Is an Important property of the matrices 11*1 and P n*1 that they are

c functions of the generalized coordinates only and not their time derivatives.

These matrices represent the model of the manipulator required for improved

manipulator control.
3Ince the matrices are functions of the generalized coordinates only and

their expressions involve repeated calculation of a fixed algorithm, the
modeling is able to be efficiently computed with pipelined code. Because
there are relatively many (in the context of pipelined computation) small
vector and matrix operations requiring predictable but complicated
addressing of intermediate results, the pipeline must be able to address
operand date via precomputed offsets also available as data. Thus the4Q

algorithm development for computing the modeling matrices involved two

distinct tasks - development of the software to compute the correct offset
vectors for arbitrary model size and development of the pipelined algorithms
for the real-time computation.

The resulting software Is written in FORTRAN and pipeline code for the

Analoglc AP-500 consisting primarily of Motorola 68000 macros. The
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off line portion runs in the host computer and then loads the AP-500 with the
offset date. The off line software is initiated from an interactive
environment from which the user is queried for a description of the
manipulator. The real-time modeling is designed to be triggered by the
transfer of the generalized coordinate vector into the AP. For a completely
general, serial, six-link manipulator the modeling requires 7.5 ms which
yields an update frequency of better than 100 Hz. The elapsed time results
for several different sized models are shown in the Figure. The computation
time required by the modeling algorithm grows in proportion with the fourth
power of N, the numberof links In the manipulator modeled.
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Actual Computation Time For 5erial Manipulator Model

The conclusion that can be drawn from these results Is that evolving
computer technology will make extensive dynamic modeling information

available in real-time for use in improved manipulator control schemes.
Here the use of an array processor instead of a mini computer has produced a
cost/benefit ration of 50 to 1. Further advances In pipelIned architectures,
both In hardware and in software, as Well as the implementation of
distributed processing techniques will undoubtedly allow the control
algorithms for manipulators to update gains based on the modeled dynamic
system. It will not be long (perhaps 5 years) until models of flexible-
manipulator dynamics run fast enough to allow control of lower vibrational
modes of the manipulator structure.
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NASA is deveioping a space station platform to provide satellice
servicing, ldboratory operations for micro-g gravity experiments and
manufacturing, and support for military space activity including perhaps .;he
strategic defense initiative (SDI). This development will require two decadcs
and a total investment of $8.billion (plus) of which 8 to 13 (or more than S'
billion) will be set aside for automation and robotics. The need for robotics
stems from the hazardous nature long-term EVA operations present to astronauts
and the fact that too many such functions would overburden crew time or be
beyond the physical capability of the astronaut. Extensive analysis of the
maintenance operations required of robots for the space station indicated that
they are essential to make the station economical and perhaps even feasible.

The first reality for the space station is that it iz a one-of-a-kind
effort and that its operation will likely parallel the experience gained in
nuclear reactors which are available 75% of the time. This lack of
availability in the space station would be devastating to its usefulness to
the military and especially to the strategic defense initiative. The best
means to assure an availability approaching 95% would be through the full
implementation of an advanced and balanced robotics technology to perform
service and maintenance especially under emergencies or attack.

Five principal applications for robotics for the space statlon are:

Assembly of space structures
Space station maintenance and repair
Satellite servicing and repair
Hazardous manufacturing and laboratory experiments
Maintenance of robots

of which 80% of the activity will be associated with satellite servicing.
These operations involve a range of physical tasks which will require that cho
overall technology base for robotics be moved significantly forward from the
second generation industrial robot of today to the fourth generation adaptive
and modular robot feasible within 10 years if a major R&D program, is
established now.

The dominant aspect of the technology for robotics needed for the space
station is that it must be light weight and highly versatile, capable of
performing a very broad range of physical tasks, some of which may require
precision under disturbances. This forces attention on a balance of component
technologies ('4) of which the top 7 long-term priorities are:

Man-machine interface
* End-effectors

Actuator modules
Sensor technology
Computer architecture
Graphics/CAD
Intelligent control

Slmilarl,, the progress of a major national robotics program must be measured
in terms of a finite number (14) of system criteria for the operation of
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rohotics !n the space station. The top 7 long term crlteria are:

Multiple task capability
Level of machine intelligence
Precision
Portability and mobility
Reliability
Obstacle avoidance
Force sensing

The conclusion derived from a matrix analysis for these priorities in this
report is that no one component technology or system criteria can solve the
mission needs of space station robotics. What is critically needed is a
balanced development of all component technologies and system criteria in
proportion to the demonstrated needs derived from a careful functional
analysis.

7f these needs are met for the space station, much of the technology
required for the next generation of industrial robotics will be made available
which should result in a full implementation of robotics in the factory of the

0 Cucure. The tentative cost sumary for the automation and robotics technology
development suggests that 56Z be allocated to man/machine interface and
robotics and 44Z be set aside for information management with 82% for research
and 182 for prototype demonstrations. These breakdowns appear to be sound
al"though somewhat more could be warranted for demonstrations of the robot
system prototypes.
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I. INTRODUCTON

NASA now has the task, defined and supported by Congress and the
President, to establish a station in 3pacA to provide the next level of
technology and function beyond that provided by the -huttle. The proposed
system (see Fig. I) may act as a fuel depot for ocher space systems, to
provide a base for assembly and repair for those systems, and to carry out
special earth monitoring and space manufacturing development unique to a
stable platform in micro-g space. Extensive review* by several industrial
firms and independent analysis groups shows that the overall technology base,
particularly in space scation automation and robotics, must be significantly
improved in order to reduce the cost of the station, and perhaps, make it
economically feasible. Secondary objectives are to make the space station
more efficient and to enhance the tech base of U.S. manufacturing. These
objectives are being pursued under a budgetary allotment of 8 to 13Z of the
total space station program for the purpose of automation and robotics. An
SRI study report recommended :hat in excess of $100 million/year he set aside
to pursue automation and robotics for the space station.

The environment for humans in space is far from friendly (high vacuum,
extreme glare, extremes in temperature, occasional high levels of radiation,
etc.), requiring the astronaut to prebreathe oxygen for an hour before £EVA to
avoid the "bends". Space suits limit the dexterity of astronauts making
delicate operations (such as satellite repairs) or space structure assembly
(of very large modules) very time consuming and taxing. The prospect of
nerforming hazardous experiments and manufacturing in the space station raises
the question of safety for the crew, especially during failures or
maintenance. Finally, the power plant for the station may very well be
nuclear, whose radiation would further restrict the movement of astronauts.
For all these reasons, it is now perceived that robotics is critical to the
deployment and operation of the space station.

In carrying out this mission, NASA has also been asked to make the
technology useful in enhancing U.S. productivity. in order to meet this
ob4ective, NASA must evaluate the weaknesses plaguing the nation. The
economic reality is that wealth generation is 1/3 of the GNP of the U.S.A. of
which 2/3 is due to manufacturing. Of this 2/3, 60Z or more is mechanical in
nature (shoes, clothing, cameras, industrial machine tools, etc.) primarily in
the civil sector. Yet industry invests less than 6Z of its R&D and its
manpower to meet this need. The federal government does even less, investing
no more than 0.7:. These major imbalances between input R&D and output
economic reality continue to weaken our civil sector and allow penetration
into our home markets by other strong civil sectors, i.e., Japan, Germany, and
in the future, France. Hence, if NASA is going to provide the tech base to
reduce the effects of these imbalances, NASA will have to purposely develop a
balance of technologies in the automation and robotics program. Generally, it
appears that NASA is moving cautiously in this direction by expressing concern
about too much reliance on unproven technologies, by expressing a very high
regard for the man-machine interface, and by laying out some elements of a new
mechanical technology for robotics.

*.See Ref. 1-9.
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:itr- very few astronauts car. be housed in the stati'on, they must be made
an a'fective as possible, making the day-co-day housekeeping of the station a
prime rarget tor machine intelli;ence. Also, the astronaut must be augmenced

as much as possible, making expert systens a truly vai;able aid, especially in
unusual or unexpected circumstances. Beyond this, it appears that extending

the manual dexterity of the astronaut through "telepresence" becomes essentiaJ
for repair, maintenance, and remote emergencies outside the protected envelope
of the station cabin.

This rPport is written'with this last objective in mind. The question to
be dealt with is:

Uhat resenrch nrioritieE must be established now to create z balanced
robotics :acznciogy to meet the spec:.al needs that ex:is in space and
that would prove helpful :n enhancing U.S. productivity in manufacturing^

A-, a consequence, this :eport will deal with technologies of the next
generation (ard beyond) robot with a view to the effective balance beaeen
elect-Ica! and mechanical component technologies.

I!. CENERAL TECHNOLOGY BASE ISSttS FOR ROBOTICS IN SPACE

Experience derived from the ma±ntenance of nuclear reactors shows thrt
40Z of the downtime is due to forced outages (the unexpected). Similarly, It
can he expected that a large portion of the need for robotics in space will be
to, deal with unique and widely varying maintenance operations. This broad
capabiliy to react is difficult to imbed in a few astrnnauts (even in the
unlikely event that they will have sufficient time to give to the emergency).
Hence, every assistance to the astronaut must be provided to make the space
stdtion an operable system. This includes expert systems, man-machine
interlace, and dexterous multipurpose robots. Paradoxically, as the
Intelligence !evel in robotics improves, there will be a greater need for a
transparent interface between man and machine, not less.

.he dominant acpect of the technology for robotics for the space station
is that it must be lightweight and highly versatile, capable of performing a

C vtry broad range of physical tasks, some of which may require precision under
dsturbances. The space station is likely to be highly flexible and
susceptible to oscillations if impacted by docking forces. Such oscillations
would probahly prove disastrous to sensitive manufacturing processes or to
delicate experiments specifically planned for the space station because of its
ILgh level of stability. Hence, this means that a whole new tethnology of
""oft docking" using carefully controlled robotic berthing structures will
become essential. This type of dynamic adaptive control does not exist in the

*1 literature in any form, but it does represent a major opportunity to move the
cechnology forward (this might be called adaptive dynamic control).

Another physical disturbance to the station could occur du to the

"w.Aking" of a mulci-legged robot over the structure. This problem, which can
easily be ignored on earth, is probably the most difficult (but interesting)
problem facing the mechanical engineer. It means that the forces on the
,"-P-t" of such a robot must be carefully balanced at all times to reduce the

dis':rbance to the structure. This balance means that up to 24 Inputs must hL
in equiltbr-um dynamically at all times (in real time) to create the desired
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output motinn (construction of the space structure itself) while nut
s::esing, bending, crimping, oscillating, etc., that structure.

Smaller robots will be essential for the operation of the manufacturing
f., ility or the axpetmenrtal research facility. These robots must be
ILhtweight, modularized tor easy repair, highly de :terous co perform delisite
operations, capahle of doing precision light machining, and redundant (extra
LOF) to allow obstacle avoidance. These are very demanding criteria, far
bhvond the technology represented by today's Industrial robot which is heavr,
has a low level of dexterity', can perform only those functions which generate
no disturbances, has a very limited integration of modern control technology.
j:; prograrnmed in the most archaic manner, and has generally a very poor
man-machine interface.

The lightweight recuirement means that the arms are going to be made of
flexible Link.- which will yield large deformations under load. This type of
syscen. can be made "electronically rigid" only by the most sophisticated of
d--ramic mcdeling and real time control. Not doing so will mean that large
deformations will either confuse the human operator (beyond his ability to
correct) or will make the database in the computer essentially useless.

In the -Icro-g environment, the weight of the arm (and the weight of Its p

lond) is not a control or disturbance issue but its mass generated inertia
loads are. Hence, the dynamic prograning of the robot to minimize shock (and
tfe rezulcing oscll.lations) to the system becomes essential (a topic long
understood for precision ROM machines such as cams). Dynamic shock can also
occur from built-in backlash with the worst possible results when working in
the micro-$ environment. All this means that a full parametric model of the
arm must be developed, computed in real time, and controlled by sophisticated
adaptive methods only now being conceptualized in research programs. It must
b. :emembered that the robot is an N DOF highly non-linear dynamic struc:ure
:rom which precision output is desired-a problem beyond the accomplishment of
the control field at this time. The space robot compounds this complexity by
being "limber", redundanc, modular, and accessible to direct control by bcth
mar and computer.

Finally, several analyses of space station maintenance needs shows that
;it least two robots (see Fig. 2) will have to cooperate with each other to
carry out dexterous tasks because gravity does not hold the work piece in
place as it does on earth. These cooperating robots will have not less tha'
'" inputs combined which must act to create no more than 7 outputs (screwing a
nut on abolt). This force balancing (in real time) among 12 inputs to create
7 precise output forces is beyond today's control technology. Nonetheless, it
is probably one of the most interesting control problems that can be posed
because it forces f full integration of computer science, artificial
intelligence, mechanical system modeling, modern control theory, and adapcive
control. Some of the operations by these cooperating robots will be precision
I.1ght machining (drilling, routing, trimming, etc.) which will cause
disturbances to the robot structures which must also be dealt with.

Hence, the opportunity for robotics offered by the space station missfon
ir truly of the greatest possible importance and, if carefully managed, could
be instrumental in developing the next generation of technology (and beyond)

lot roboticr. As mentioned before, progress will be made only if balance in
.he component technologies is the guideline in structuring the program (see
:;.c. VTII). Obviously, If these needs are met for the space station, a full
Itprmentation of robotics in the factory of the future would be assured.
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FIG. 2 DUAL ARM MANIPULATOR REMOTE SERVICING
MODULE CONCEPT (MARTIN MARIETTA, 1984)



TT. %S5 .: OF SPACE STRLe:7jRES

One of the firnt functions chat must be planned for is the assembly of
the space sration. This involves a wide spectrum of tasks from the assembly
of large modules to small mating tasks such as bolting, locking, and forming
joints in tho structure itself. This assembly process could be highly
structured minimizing the level of uncertainty. A pallet with structural
elements would be nositioned near the assembly system (conceptualized in Fig.
3) which could contain two or more arms, some for gross motion and at least
one for fine motion.

In the IOC (1991) level, station assembly would employ astronauts in E'A
with help from the RMS which would be controlled directly by EVA astronauts or
those in the cabin. Many of the initial modules could be assembled on earth
or in the shuttle bay area. The astronauts would have available limited voice
input to the system and a CAD/CAM terminal. They would be able to make visual
inspections either directly in EVA or indirectly by remote TV camera.

By year 2000, the assembly process could be far less structured with
diverse assembly objectives using large and small robots. The OMV would
contain 2 arms operating near a staging area containing spare parts, a CAD/CAE
terminal, a measurement module for dimensional and alignment checks, smart
tooling and clamping pallets, and some tools for small scale machining and
forming on site. The OMV would have the capability for micro-positioning as
well as measurement over larger distances.

By year :010, the station assembly process will be similar to that now
undertaken in remote operations on earth except that much of the work will be
performed by robots. The assembly will be more complex and varied requiring
adaptive robots capable of treating detailing and lack of structure. The
number of different parts on the premises of the station can never be large
because of the penalty of weight and expense. Hence, many of these parts will
be altered on site using such unit processes as:

- resistance spot welding
- electron beam welding for continuous joint and seal forming
- localized light forming
- precision light machining; cutting, riveting, drilling, routing, etc.

This reans that there will not only be a necessar improvement in the level of
sensing and perception but also a dramatic improvement in the mechanical
control of the arm structure to maintain precision under process disturbances
so that direct commands to the robot can be taken from the on-board database
and CAD/CAE system. Othervise, each of the different unit processes listed
above would require a unique dedicated machine-a very costly and heavy
alternative to a fully integrated self-contained generic robot capable of all
those functions simply by interchanging specialized lightweight end-effectors.

Martin Marietta (1984) conceptualized an extension of the 60 ft RMS by
Spar Corporation in the form of a versatile cherry picker (see Figs. 3 and 4).
This module would weigh about 600 lbs., would be 4 ft. in diameter when
stowed, and have a 10-year life with maintenance. It would have two 7-DOF
50-inch reach arms capable of carrying a load of 50 lbs at 18 in/sec. It also
would have a 3 lb tip force for backdriveability, a 1.02 total deflection
under load (0.5 inch), and a level of backlash of 0.2Z (0.1 inch). Obviously,
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FIG 3. CONCEPT FOR SPACE STATION ASSEMBLY (NASA MEM 87566)
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this technology is suitable for only the simplest low precision tasks
appropriate to the IOC.

Beyond this point, cooperating robots and walking systems will become
essential for general assembly in conjunction with the precision light
machining robot. As mentioned in Sec. II, these next generation systems will
ask a great deaL of the research community. Hence, a major R&D program should
be established now to make demonstration of this class of technology likely by
1995 with implementation in the space station by 2000.

IV. SPACE STATION MAINTENANCE AND REPAIR

The space station is without doubt a highly complex one-of-a-kind concept
which will require continuous inspection for fatigue failures, flaws,
meteorite damage, etc. The structure will oecessarily be made up of very
lightweight and specialized materials operating in high radiation, thermal
shocks, and unwanted but likely cyclic vibrations. The analogy with the
maintenance of nuclear reactors is useful as a guide to what can be expected
for the space station. Originally, nuclear reactors were intended to be built

4 with such quality that they would rarely fail, making repairs necessary only
infrequently. Unfortunately, they have the same outage rate as coal and
petroleum fired plants with at least 40% of the downtime due to forced
(unplanned) outages. The steam generator for PWR's and the valve for BtJR's
are major sources of this downtime.

C
In the case of the space shuttle, 4 to 6 failures occur per day of

operation which is considered a major drain on crew time-hence, the need for
robots to reduce this time pressure. Some of the component failures that do
occur are in:

avionics
thermal shield
brakes
landing gear
TV cameras
recorders

C printers
door actuators
fluid coolant leaks
heaters
thermostats
circuit breakers
switches
robot actuator control
aging composite materials

The IOC space station repair will use telerobots to inspect the hull and
structure with follow-up by EVA astronauts. A laser beam in the end-effector
will look for cracks, holes, surface blemishes, etc. End-effector modules
could use material dependent contact probes assisted by high resolution
machine vision. These inspections would occur at low velocity over the solar
array, thermal radiator, hulls, windows, mirrors, etc., using the CAD database
to avoid major obstacles. Once a flaw has been located, it would be
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reinspected by a high resolution system to categorize it and quancify it
sufficiently to make development of a repair plan possible. This plan would
involve the use of special end-effector tools for sealants, adhesives,
patches, etc., performed either by EVA astronauts or by mobile robots.

By 2000, the flaw inspection routine would be highly automated and
continuous. It would be generalized to include more complex structures
defined in the CAD/CAM database. Most common structural flaws would be
automatically repaired by using specialized end-effectors that incorporate a
fine positioning system.

Finally, by year 2010, flaws would no longer be patched eycept as a
temporary measure. This more inclusive procedure would require the remova. of
large scale panels and substructures for repair by autonomous and adaptive
mobile robot systems. This level of implementation would allow the removal of
the thermal shield, localized machining to remove a flaw, welding to
reestablish the structure, and replacement of the thermal shield by spray-on
foam.

Because of the unpredictable nature of maintenance and repair, the level
of technology in the robot to deal with this uncertainty must be higher than
that required for the assembly of the station itself. This means that the
robot must be very versatile and adaptive, capable of a very wide range of
functions on demand and in emergencies. This problem is somewhat similar to
the DoD logistics field maintenance and repair situation. It is recommended
that NASA work closely with the DoD logistics community to unify the
development of the required technology.

V. SATELLITE SERVICING AND REPAIR

One of the major functions of the space station will be to act as a
service station and depot to supply fuel and to perform maintenance of
satellites deployed either for civil sector or defense purposes. For exanale,
it is claimed that the $125 million seasat (satellite) could have been saved
using the resources of a space station. It is projected that 80% of the space
station activity vill be associated with satellite servicing including:

maintenance & repair
refurbishment
resupply
refueling
cleaning and storage of space debris

GE (1984) suggested that 75 missions would occur per year involving 2500 crew
hours with 2/3 IVA and 1/3 EVA. They note chat the existing zigzag earth-to-
station communications will require 5 to 10 seconds. This time delay is far
too long for earth-to-space station robot control. On the other hand, direct
line of sight (4000 km) would give a time lapse of less than 30 msec, but the
operational window would be one to four hours making time of the-essence.
This 30 matc time lapse is the maximum chat could be allowed for real time
dynamic control (including, of course, computational time as well).

Another important issue for satellite servicing is the long docking time
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of 8 ro 10 hours which may be reduced to 4 to 7 hours with improved dock=ng
mechanism technology. Satellites develop over time a "wobble" on top of :reir
desired stabilizing spin. This motion must be assessed by sensors which
provide information so the computer can develop a capture plan. Then the
conceptualized service module must "rigidi:e" its attachment to the satellite
so that it can perform its precise maintenance operations. This step must be
undertaken with great care to prevent dama-e. Because of the complex re-lati:e
motions of the two systems (the satellite 4nd service module) use of
generalized robot arms (2 or more) to capture the satellite would require a
very high level of dynamic modeling and control (a level of technology not
available in the near term).

It will be most economical to repair the satelli te by the service module
Ln-situ. Otherwise, it will have to be taken to the space station (see Fig.
5) for major repairs (a task of the same level of complexity as repairing the
space station itself-see Sec. 1I1).

0
The IOC for satellite servicing will involve a service module (including

a manipulator) capable of determining the actual motion of the satellite and
planning its capture (see Fig. 6). A thruster pack will then be attached by
the manipulator to the satellite at a built-in hard point which will then be
used to stabilize it (a very demanding operation). Then these packs will be
returned to the OMV using the manipulator. A remote mobile manipulator is
then attached to the satellite along with fixtures with special features to
enhance repair. Damaged modules (from meteorites or from failure) are removed
by a series of small unit operations (screwing, bolting, clamping, winding,
coiling, locking, etc.). Replacament modules may have to come from the space
station or from earth. These operations imply the need for quick-change tools
at the end-effector, man-machine interface for robot control, and a high level
of mobility in the service module.

By year 2000, the service module would have its own on-board intelligence
using natural language comands, automated planning, detailed machine vision,
sophisticated dynamic control of manipulators, and multiple arms to handle
delicate assembly tasks. A limited capability to perform in-situ precision
machining and welding for damage of the satellite would be possible with t-e
service robot system.

By year 2010, the satellite service module would be capable of performing
most repair operations in-situ. There would be on-board an autonomous CAD/CAE
database operating two or more inspection and service robots capable of a
broad range of precision light machining tasks. The service module would also
have some capacity to repair itself meaning that one robot could undertake :he
repair of another on-board robot manipulator.

The primary constraint on the service module will be weight and its
limited collection of spare parts, modules, or and-effector tools. Because of
this constraint, the rooot manipulators, sensors, and on-board intelligence
will have to be as self-contained as possible with versatile unit processes of 0
light machining, welding, forming, soldering, etc., at various qcales (the
scale of the computer chip to the scale of an actuator prime mover).

Generally, this technology is a subset of the technology on-board the
space station itself but because it must be lightweight and responsive to
unstructured tasks, the robot technology must be relatively more advanced. 0
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his will put unique demands on the research community to develoD the needec
technology' (see Sec. VIII).

VI. HAZARDOUS M.ANUFACTURING AND LABORATORY EXPERIMENTS

The economic foundation to perform manufacturing in space is not assured
and, by comparison to satellite ser-iicing, is not considered a top priority of
the station. Nonetheless, the unique micro-g environment, if extremely
stable, invites serious consideration of long duration (hours to days)
manufacturing processes and unique laboratory experiments. Some of these
processes and experiments may be hazardous to humans or the processes would be
unable to tolerate the slightest amount of contamination (the ultimate clean
room) from astronauts. Hence, these facilities are perceived to be modules
which will "never" be invaded directly by the astronaut partly because of the
disturbance to the module's stability that might occur. In fact, it is
recoended that these special lab modules be suspended from the space station
platform in much the same way that seismographs are suspended. This isolates
the module from the shock and resulting oscillations of docking at the station
(more than 75 times/year). When access to the module by robots and supplies
is required, it can be temporarily rigidized.

Lab experiments in space must necessarily be open-ended and unpredictable
to be of value to the researcher which means that an astronaut as a
non-specialist can contribute little to the experiment itself. This means
that the experimental equipment will generally be rather delicate and need
frequent monitoring and adjustment (partially because of the weight penalty).

Furnaces, power sources, control units, data-acquisition instruments,
inventory and warehousing systems, etc. are all dedicated subsystems which
weigh a great deal, increase the number of potential unique failures, and
require specialized maintenance functions. Hence, whenever possible, it is
recommended that use be made of "generic" multi-purpose machines such as
robots where a large variety of specialized end-effectors make a spectrum of
functions feasible.

An analogous system on earth is the secure automated fuel (engineering)
plant (SAFE)* being designed to use robots to manufacture nuclear fuel pellets
with a high level of security by rarely requiring access by humans. This
plant carefully stages the manufacturing process and monitors each stage. Its

highly structured form allows simple but extremely reliable robots to perform
all the flexible (changeable) tasks. Hence, the only need for dexterous
robots is either for maintenance or emergencies. A similar structure is
reco mended for the manufacturing and experimental lab modules.

Another potential hazard is the possible need for a nuclear power source
for the station. This involves radiation, high temperature and pressure, and
some chemicals. Such systems must be maintained since failure is probable

because of their complexity. Because of the penalty of weight, they will not
be as well shielded as on earth. In this case, the service robot(s) would be
part of the power station because once the robot is contaminatedit could not
be brought back to a maintenance bay for repair.

* See Ref. 11.
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in the IOC stage of the space station development, simple processing of
earth provided materials in micro-g gravicy would be pursued. Electron bean
welding and ion-beam implantation in a contaminant-free environment would be
investigated. The lab experiments mav include free fall to aid in separation
in bio-organic systems and the establishment of ver- uniform .hin films. No
human maintenance of these specialized systems would be allowed wnich wcu'd
require a fairly dexterous, lightweight, mobile, multi-purnose manipulator
system perhaps partially under human control by telepresence from :he cabin.
These maintenance robots cannot cause any vibrations in the lab module (a
level of smoothness not usully seen in robots especially since shock to the
module can be transmitted through the base of the robot as well).

Again, because of the penalty of weight, the lab module is likely to be
very compact, which means that its volume will be relatively full of obstacles
to be traversed by the robot. Generally, an obstacle strewn environment means
that the robot must be redundant (have several extra DOF) to allow it to not S
only get access to a task but also to perform complex spatial motions whie in
that constrained space. It strongly suggests a modular snake configuration
for the robot. This means that modules (extra DOF) could be added or
discarded on the basis of need to enhance the level of dexterity and obstacle
avoidance needed. Unfortunately, the required design capability for a modular
snake robot probably would have to be built by NASA itself. Furthermore, the 0
operational software based on complex issues of geometry, dynamic modelizg,
control, and AI would also have to be established by NASA.

a GE (1984) recommended that the manufacturing facility (see Fig. 7) be
able to perform the following specialized tasks

slicing 5
polishing
cleaning
sawing
separation
ion implant
photo resist S
annealing
E-beam direct write
reactive ion etch

One of the opportunities of such a self-contained module is the manufacture of
computer chips using the hazardous material galium arsenide. It is said that
such ultra pure computer chips could lead to the supercomputer on a chip.

By year 2000, the manufacturing and experimental lab facilities would
employ a force reflecting and "electronically rigid" robot for maintenance of
the modules. This robot may, from time-to-time, be required to perform
precision welding, precision light machining, and other disturbance related
tasks in order to minimize the number of maintenance systems to treat the S
increasing complexity in the modules themselves.

By the year 2010, chase facilities could be operated almost completely by
off-line programing of electronically rigid handling and maintenance robots.
The most demanding operation in the manufacturing facility could now be
treated-the cleaning and renovation of the solid-state materials furnace
after solidification following a power failure. Without this capability, the
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value of the whole module could be destroyed. Because of this cri:ical

situation, a standby furnace should probably be provided until remote

renovation is assured.

VII. MAINTENANCE OF ROBOTS

Robots in space will generally be modular, lightweight, intricate, ano in
some cases, delicate. The-first purpose of the robot is to perform its
intended function. Its maintainability will be secondary, but modularity can
perhaps make the best of both requirements. They will be unavailable (2Z
downtime would be quite low because of their generic complexity, lightness,
etc.) about 2/3 of the time for regular maintenance and 1/3 of the time for
forced, emergency maintenance. They will have to be up-dated with new modules
for improved technology. Infrequently, overloads from docking shock could
deform the robot structure itself. Overall, the maintenance of maintenance
robots will prove to be as important to the space station as other critical
operations.

In order. to deal with the increase in complexity of the space station,
the level of complexity (see Fig. 8) of the supporting robot systems will also
increase. Generally, the robot system will tend to degenerate with use

(thousands of hours) and its system parameters will change. Some of these
changes can be dealt with directly by self-diagnosis and corrections to the
operating software (a very high level of machine intelligence). But a robot
is hardly likely to repair its structural hardware by itself. Consequently, a
certain duality may become necessary to keep the whole system operational.

VIII. DESCRIPTION OF COMPONMrT TSCHNOLOGIES FOR ROBOTIC SYSTDMS FOR THE
SPACE STATION

Fourteen component technologies have been identified which adequately
represent the total robot system. These 14 component technologies have been
described in greater detail in a companion assessment* for applications
appropriate to the fields of manufacturing, energy, military, and human
augmentation and agriculture. Here, they will be described in terms of the

special needs associated with the operation and maintenance of the space
station.

1. Structural Geometry

Two dominant issues will effect the geometric design of robotic
structures for use in the space station. They must be very light weight yet
they must operate in the unique and unforgiving condition of the micro-g

4 gravity field. Many applications will require that significant and-effector
forces be developed while maintaining a high level of precision (i.e., light

* * See Ref. 10.
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machining). On the other hand the crowded environment of compact lab modules
will require a higher level oi dexteri:y than is now found in industrial
robots. This leads to the question of serial geometry (for high dexterity to
perform complex tasks among obstacles) versus parallel geometry (for precision
and low weight). Part of the solution may come from modular robot structures
which may be configured on demand to best meet the dexterity requirements of a
given range of tasks. When precision is a top priority, disturbance re~ection
can be achieved by making the structure "electronically rigid." This can be
best achieved by using a new mechanical architecture of layered large and
small prime movers combined with similarly scaled control technologies (which
may be called control-in-the-small). In order to achieve this level of
technology, the complete dynamic model of the system must be calculated in
real time, a requirement not yet met for any existing industrial robot.

By comparisona' much more difficult problem for the motion control of a
general serial robot structure is the calculation of the joint values at the
actuators to correspond to desired end-eff ector location. For the general 6
DOF* system, this results in a 32nd order polynomial of great complexity.
Going to 7 DOF or more results in a motion problem which has no deterministic
solution. This means that the extra DOF (redundant) system must be treated by
some form of artificial intelligence technique for internal decision making.
Problems of this class are only being conceptualized by research teams today.

The master controller for the space station man-machine interface will
have to be geometrically optimized for best match to the human operator and
universal in that one geometry is capable of driving any "slave" robot.

c Docking mechanisms will require special geometries which are highly parallel,
dynamically responsive, and easily rigidized even though light weight.
Because of the micro-g gravity field, many operations will require two arms
operating on the same object; i.e., twelve actuators working to control 6 to 8
output motions (a redundancy of 4 to 6 input parameters). This problem is of
great complexity and is presently only being formulated in research labs. A
similar problem involves a snake robot which is composed of a series of 2 DOF
and 3 DOF modules to create systems of 8 or more DOF of very high dexterity.
A problem of even greater complexity involves the motion of walking machines
(a proposed mobility platform for the space station). In the case of 4
actuators in each of 6 legs, this would lead to 24 inputs trying to control 6
outputs (a redundancy of 18). The solution will entail a combination of
modern control theory, artificial intelligence, structural dynamics, and
analytical geometry all operating in real time (less than 30 msec.).

.* 2. Structural Dynamics

Because of the special constraint of minimum weight, an extraordinary
effort to develop a full fly-by-wire approach to the dynamic operation of
robotic systems for the space station will be essential. In some cases,
massive inertia loads will be involved. Or the existing 55 ft. long Robot

0 Manipulator System (RMS) in the shuttle could be used with a smaller robot to
form a "cherry picker" configuration. Because of the large scale of these

*Degree-of-Freedom
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systems, dynamic collision avoidance procedures must be imbedded in the
operating software. Also, robot structures may need to operate in an
acceleration field during docking maneuvers. This field creates a very
complex Inertia load distribution which has to be dealt with by real time
dynamic modeling and adaptive control techniques to ensure that the required 6
docking forces and berthing dynamics are being maintained. On a smaller
physical scale, many unit processes during assembly and maintenance will
involve light machining tasks which generate large force disturbances.

The overall goal to create a robot structure of minimum weight results in
links which are very flexible and actuators which have marginal load
capacities. These realities put an exceptional demand on the operational " !
control software which must be used to compensate for these limitations. The
operational software can be established only by maintaining an inclusive
dynamic model of the robot structure (i.e., the fly-by-wire concept now used
in the control of modern fighter aircraft). This software must function in
real time which, in this case, means at less than 30 msec. (This has been done
for 15 DOF systems of completely general geometry and mass content.). Given
the dynamic model, it is possible to maintain a given end-effector force, a
desired level of dynamic response, or to compensate for deformations due to
force disturbances. The ab.lity to achieve these goals is complicated when
extra DOF are employed to provide addi:ional dexterity (i.e., in the form of a
snake robot). A combination of graphics (CAD) and control based on the
dynamic model and artificial intelligence (AI) for internal decision making
will be required to operate these redundant systems.

Probably the most complex system to dynamically control is the walking
(or crawling) system. This entails the balancing of internal dynamic forces
(at each of up to 24 input actuators) to crsate 6 desired output forces acting
on the body of the walking machine. Should the body also carry a robot
manipulator to act on its surroundings, a much higher level of dynamic
modeling and control would then be required.

3. Prime Movers

Again, the principal issue affecting the selection of actuators is that
they must be of minimum weight and maximum load capacity. Precision
operations under load disturbances also require a very stiff driver-i.e., it
is not easily dislocated from its reference position. In addition, simplicity
in the bearings would be highly desirable (ceramic bearing surfaces). The
driver should involve a minimal amount of backlash, stiction, and hysteresis
loss to best work in the micro-g gravity field. One of the suggestions has
been to employ direct drive motors because of their simplicity.
Unfortunately, the penalty of their inherent high weight and low stiffness
will probably make them unworkable for most space applications. By contrast,
the harmonic drive gives a very high load capacity, stiffness, and
responsiveness in a very compact and light weight package.

The conclusion must be that prime movers and actuator modules are an
important subject for development to meet special space station objectives.
Generally, actuators can be designed for lower load capacity if-they are
integrated into parallel structures. Mixed large and small actuators in a
layered structure can mean that the principal actuators can be smaller since
the small actuators are dedicated to the precision requirements of the system.
Many have suggested piezoelectric drivers, although their motion range and
power capacity is severely limited.
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. Actuator Modules

The concept of actuator modules involves the compact arrangement of 1.2,
or 3 DOF structures with as many inputs to create subsystems similar to the
human elbow, ankle, knuckle, wrist, and shoulder all easily scaled up and down
for various uses in robot systems. Especially for use in space, these modules
should contain their own dedicated sensors and operational software so that
they can be replaced easily during maintenance or during system up-dates.
This level of modularity would minimize the number of separate units to be
maintained or inventoried in the space station. Parallelism in the geometry
of the module reduces the total weight (the example of the 0detics parallel
walking machine saves a factor of 10 or more). Antagonism of input actuators
as seen in the biological system provides a high level of resolution while
maintaining a high load capacity. The structural parallelism and antagonism
for the motion control of the htman eye is indicative of all the correct
characteristics to be found in actuator modules designed for implementation in
space.

Such modules can be quickly assembled into a serial robot, a parallel
robot, a 10 DOF snake, a miniature robot, a cherry picker configuration, or a
docking robot system. Once this level of modularity is reached, each robot
can quickly be reconfigured to meet a specific range of tasks having a need
for dexterity, or precision, or reach, or.... Other specialized modules such
as a micro-manipulator for vernier adjustments in 6 DOF are also of this
class. It is recomended that NASA build a generic collection of such modules
easily scaled and interfaced before it invests heavily in the robotic systems
technology that will be required.

5. End-Effectors

The end-effectors are either the specialized tools attached to the end
plate of the robot (drilling, routing, welding, etc.) or the dexterous
multi-fingered hands which allow general manipulation of the work in progess.
Specialized tools of the type being considered for the space station are
either being developed or can be found in ocher applications such as remote
maintenance of nuclear reactors. These tools must be relied on to perform
precision operations which must be performed during assembly or as the result
of damage to the station. Frequently, the handling of small and delicate
objects will be necessary to perform laboratory experiments, to do remote
satellite maintenance, or to reassemble a satellite. The variety of these
smaller objects will require the use of a conforming dexterous end-effactor,
usually conceptualized as a multi-fingered hand. Such a hand will not allow
for precision positioning without the human's hand-eye coordination as part of
the control loop. Hence, the use of dexterous hands will be demanding of the
crew's time and should be considered primarily as a last resort and for
special events.

One of the considered needs for assembly is a variable compliance
capability in the end-effector to assist certain forms of slip-tit joining of
parts. Generally, high compliance can be used when precision is already built
into the parts. The opposite (high stiffness) generally means that precision
operations (i.e., light machining) can be undertaken. Hence, the governing
software must be able to adjust the system to either be passively compliant or
electronically rigid.
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The fingers of this dexterous hand may profitably employ fiber-opc:c eves
for inspection purposes and tactile surfaces to help identify objects when
either direct or indirect vision is unavailable. Tactile arrays have yet to
be employed to do more than provide threshold information about an oblec:
communicated direc:ly to a computer or to a visual display to the operator.

6. Granhics/CAD

A reality of the space station which deserves early attention is the need
for near optimal design of a facility for which there will only be one
prototype. Hence, computer-aided-design (CAD) must be used in every aspect of
the system's design and its operation. This is particularly true in robotics,
where most industrial systems are designed before the tools of CAD are
employed to their full effect. The result of the CAD effort will be a
complete data base about the "as designed" space station which must be
up-dated to account for the "as built" system. Once such a data base exists,
it can be used to plan for various tasks either by simulation or by
semi-automatic planning using principles of artificial intelligence. The as
built data base becomes critical when either unproven maintenance activity is
being undertaken or when responding to emergencies. For example, it may be
possible to superimpose actual visual feedback with the stored data base scene
where differences may be isolated either computationally or by the human
operator. The data base may be used to display deformations in the robot
structure by color coding its surface to visually inform the operator about
the condition of the robot.

One of the major issues for the maintenance of satellites in-situ is the
long time delays for a cycle of comunication (up to 0.5 sec.). It is
proposed to use a predictive display (a ghosted robot) from the data base to
smooth out the visual feedback to the operator. This type of technology would
be essential anyway to train future astronauts (as does the Link trainer for
aircraft pilots) and to develop helmet displays which could be used in EVA.

7. Sensor Technology

The most important physical parameteT to be sensed in robotic operations
is the force level being experienced throughout the robot structure (its
end-effector, joints, links, and base). This level of information must be
known accurately in order to make corrections to the command signals so that
precision tasks can be performed even with large force variations. The
end-effector force can now be measured by standard light weight 6 DOF force
sensor modules. Accurate force information can then be transmitted to the P
operational software or to the human operator. Also, current flow at
electrical actuators can be used to provide local load information throughout
the structure. Since the primary force generator in space will be inertial,
velocity and acceleration transducers might prove helpful, especially during
docking procedures.

Remote operations will involve questions of collision avoidance. In some
cases, the data base may prove inadequate or in error. Then, collision
sensors may be helpful in preventing major damage. Unfortunately, such
sensors can not be expected to provide more than the simplest of "threshold"
signals. Tactile sensing is somewhat of the same character (see previous
section).
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Because of the high level of deformation expected in space station

robotic systems (due to low weight requirements), a much higher need occurs to
obtain accurate positional data on the location of the end-effector in world
coordinates. Laser systems offer promise but no proven technology exists at
this time. Also, specialized digital software for machine vision to monitor a
finite number of end-effector "spots" is now being developed.

As with prime movers, sensors should be designed as self-contained
modules with much of their own software for easy interfacing with the rest of
the system. This modularity is basic to rapid replacement for maintenance or
up-grading.

8. Vision

The first use of vision for the space station will be analog feedback to
the human operator of the robotic structure. In this regard, visual
enhancement by mathematical filtering would be very useful especially when
comparing the actual scene with that stored in the data base. The principal
use of vision, however, will be to perform automatic inspection of the space
station itself. This inspection will be done continuously by looking for
flaws or damage without human intervention until some anomaly relative to the
data base is located at which time human inspection would be called for. In
addition, vision will be useful to minimize the danger of collision with space
station components or with other robots. As mentioned earlier, a predictive
display based on a programmed motion for the robot could be combined with
vision to smooth out operator feedback when distance related time delays
occur.

One of the most demanding tasks involved in the space station is docking
remotely powered vehicles with satellites in order to perform maintenance or
resupply. This docking procedure now requires 8 to 10 hours. It is proposed
to use vision technology to mathematically describe the actual motion of the
satellite relative to the RPV, use Al principles to plan its capture, and
dynamically program the RPV manipulators to physically grasp the satellite
with minimal reaction forces.

Finally, vision will be a major component in any training facility that
would be essential to prepare astronauts for the spectrum of complex tasks to
be performed in space station activity-both routine and forced (due to
emergencies). This training facilit7 will greatly resemble the Link trainer
system nov being used to train aircraft pilots.

9. Artificial Intelligence

Artificial intelligence is a valuable tool to treat non-deterministic
decision making or resource distribution as an aid to the human operator. The
goal is to reduce the burden on the operator by autonomously carr.ing out
routine inspection and maintenance tasks where infrequent supervisory
intervention by the operator would be necessary. This means that trajectory
planning, collision avoidance, fault identification, and task prioritization
would be the responsibility of the machine intelligence on board the robot
system. This level of decision making may be applied to the robot itself in
order to monitor functional degradation, locate defective modules, plan for
its own maintenance, and instruct a neighboring robot to carry out the plan.
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Internally, robot manipulators that are highly deterministic usually have
6 inputs to develop 6 outputs. Should more inputs (say 10) exist, the system
becomes redundant (4 extra DOF) and uncontrollable by standard techniques now
used for industrial robots. The array of L0 inputs must be balanced (in :erms
of force, speed, energy, power, erc.) in order to carr" out the desired .as,
at the end-effector. Hence, Al principles will be necessary to evaluate the
task, determine if the robot should be reconfigurec (dimensions changed,
modules added or removed, if larger load capacity is required, etc.), assess
the level of precision required, employ disturbance rejection software if
needed, etc. Hence, a very high level of AI must be developed to properly
employ a generic, modular,-precise robotic structure in space station
operations. The type of AI that is actually required, however, will be
dependent on technology base issues found in the electrical and mechanical
engineering fields.

10. Intelliaent Control

Intelligent control encompasses all deterministic technicues used in the
operational software of the robot which is used to enhance its precision,
speed, smoothness, disturbance rejection by modern control methods, digital
control, adap;ive control, etc. The control software must be defined in terms c
of a complete parametric description of the system's link dimensions,
deformation rates, mass content, and actuator control parameters. Such a
detailed parametric identification can only be achieved by a high level of
metrology-a technique now being formulated in research labs. In fact, since
some of these parameters will change over the life of the machine, some
aspects of this metrology may need to be on board the space station itself,
especially when modules are either replaced or interchanged.

Intelligent control then depends on a complete and accurate analytical
model which must be calculated in real time (less than 30 sec.). This model
can then be used to train astronauts, to perfect dynamic collision avoidance
techniques, docking procedures, compliance control, etc. Layered control of
two or more scales can create a hierarchical architecture for the system
hardware and software known as control-in-the-small which is much more
effective in providing "feedforward compensation" to reject force disturbances
from such tasks as light machining. This sophistication is warranted because
of the high level of deformations which result since the robot must be as
light as possible. Elimination of these large deflections not only makes
precision tasks feasible, it also significantly reduces confusion, fatigue,
and frustration of the operator when he is trying to perform this type of task
by manual control.

Beyond this level of understanding, there will be a concern for the level
of reaction forces (shock level) transmitted through the base of the robot to
the space station structure. These forces could easily disturb the
environment of critical laborator7 operations. Also, criteria must be
established for the balance of 12 actuator forces (and other parameters) to
create 6 desired force components on objects held jointly by two robots (dual
robots). This dual robot problem is quickly expanded to one of-6 parallel
acting robots when developing the operational software of a 6 legged walking C
machine (24 or more inputs to create 6 outputs). Each of the forces at the
feet of these legs must be controlled in order to not disturb or deform the
space station structure while it walks. This problem is the most advanced
form of intelligent control and will require a major theoretical development.
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11. Software Modules

Because of the need to use a minimum number of distinct components to
build up the consort of robot systems to be used in the space station and its
operation, hardware modularity will greatly reduce the size of the on-board
inventory (a high priority) to maintain or up-date this technology. This
means that the software will also have to be highly modularized to match this
special architecture. This then allows for the addition of Joints, the
changing of link dimensions,'the increase or decrease in compliance, ecc. The
following is a partial lisring of such modules:

actuator control
sensors data reduction
end-effector operation
special tools (drilling, welding, etc.)
docking procedures
satellite motion identification software
fault isolation technology
vision control
local servo motor control
force sensors
micro-manipulator control
tactile array sensor software

Also, it is recomended that much of the system software be modularized so

that it can easily be maintained or up-dated.

12. Comvuter Architecture

The pace of development of computer technology makes the whole concept of
the space station feasible. The pressing reality for industrial robotics is
that thus far, computer integration has occurred onl7 to satisfy the most
undemanding unit processes (painting, handling, welding, etc.) or applications
(low value-added operations in manufacturing). Consequently, a broad based
effort by NASA to more completely integrate computer and control technolcy
with generic mechanical architecture is not only essential for space station
operations but also of real potential value in significantly enhancing
productivity in manufacturing.

The promise of computer technology for space station automation and
robotics is based on the broad spectrum of these technologies from the

* component level to the system level:

VHSIC chips
Arithmetics
Array processors
Mini-computers

* Super-computers

This collection suggests that no computational needs in robotics should go
unattended since all components in the robot system (sensors, actuators,
structure...) can now be brought to a much higher functional level. There
should be no reluctance to match the architectures of all components to the
wide availability of computer architecture and vice versa.
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Much of this need to integrate computer technologies has been described
elsewhere in this paper. Some of these key areas will be listed here for
completeness. Because of the requirements for low weight, versatility to
respond to unknown tasks, autoncmy :o ,arr7 out continuous inspection, 4
precision in unit processes such as drillng, routing, forming, etc.,
collision avoidance in a complex and changing environment, access by humans
for intervention and supervisory control, etc.; the level of computer
integration will have to far exceed any previous effort and will require
extraordinary care in structuring the research and development program.

In every case, direct support must be maintained in the form of accurate
numerical documentation from the data base--a level of information never
attempted before for robotics. This means that all activity should be
quantified and programmed to minimize the level of uncertainty. Uncertainty
in the operation of the robot should be accepted only when the benefits are
very high, i.e., for collision avoidance, high levels of dexterity to carry
out complex operations, etc. This level of uncertainty and the associated
need to employ principles of artificial intelligence becomes pervasive in dual
arm operations, walking machines, docking operations, automated inspection,
motion planning in cluttered enviro=ments, etc.

On the other end of the development program, the need to design the
complex hardware and software for this advanced robotics technology must be
dealt with. Thus far, only minimal efforts to develop a technology base for
robot system design has been pursued. Essentially, the CAD technology must
preceed the operational technology. Having the CAD graphics capacity, it can
be used to develop the required training facilities for astronauts to prepare
for space station activity.

13. Communication Interfaces

The space station may be thought of as having the same array of
interfaces as would be found in a modern factory. The highly desirable c
feature recommended for space station systems is modularity to enhance
maintenance and technological up-dates. The more modular the space staticn
and its supporting systems (robotics), the more concern there must be for
interface issues. The most dominant interface is between man and machine but
others exist:

Lab subsystems
Astronaut support
Satellite control and maintenance
Sensing and inspection
CAD data base
Hierarchical decision layering
etc.

Unfortunately, some communication delays will occur between the space station 0
and earth, or with satellites, or with RPV's working on satellites, etc.
Finite time windows will be available (measured in hours) such that time may
be of the essence.

It is recommended that a clear effort be made by NASA very early in the
program to establish standards for interfaces at all levels from specialized
tools to space station communications between its prinicpal sub-modules. The
NBS factor, floor interface program may be a real asset in this effort.
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14. Man-Machine Interface

The history of complex technologies such as nuclear reactors shows that
they are under repair approximately 25% of the time with 40% of this downtime
due to forced outages. This lack of availability will potentially occur for
the space station principally because of its complexity and because it must be
regarded as a prototype system. This reality suggests that the operation and
maintenance of the space station will involve the deep participation of the
human ability to make decisidns based on uncertain information. In fact, even
though there is a pressing.need for autonomous operation to reduce the burden
on the on-board personnel, as the technology becomes more adaptive and more
capable of performing complex operations, the ability of the operator to
intervene becomes more important-not less. As the technology advances, human
decision making (judgement) can enter in at a much higher level.

The need for human intervention is best provided in terms of kinesthetic
interface because of the high rates of analog information transfer chat is
feasible. This interface has been conceptualized as a bilateral
force-feedback manual controller. Because astronauts will have to control a
large range of unique robots (many which will be reconfigured to meet a given
task), the controller must be universal with software capable of driving any
robot. This universal nature also reduces the training effort faced by the
astronaut.

The "universal" requirement means that the coupling software must operate
in real time and be highly adaptable. tt must enhance signals to the
operator, filter out jitters or gross errors from the operator, perfect global
comands such as constraining the and-effector to track the surface of a
sphere, co mathematically change orientation, to change scales, to monitor
manipulator operations for accidents, impending collisions, overloads, etc.
When it becomes necessary for one astronaut to simultaneously control both
arms in a dual arm system, then the quality of the interface will become
critical. It is obvious that an advanced manual controller would be
invaluable as a training aid.

The "universal" aspect of the manual controller also has a significant
impact on the design of the man-machine interface. It means that the master
(or manual controller) can be optimized for its primar7 interface with the
human operator, it can be made lightweight, and it can be kinesthetically
transparent. On the ocher hand, the slave (the robot manipulator) can then be
optimized for its principal range of functions without being compromised by
constraints or limitations which would occur from a geometrically similar
master-slave combination. Dissimilar geometries means that the software will
have to be far more general but doing so provides a total system which is much
more adaptable to changing applications.

IX. DESCRIPTION OF CRITERIA FOR THE ADVANCED DEVELOPMME IN ROBOTICS SYSTEMS
TECHNOLOGY FOR THE SPACE STATION

NASA faces an unusually broad development task to move the technology for
robotics forward sufficiently in order to maximize the availability of the
space station for both civil and military uses. A program to achieve that
development is being defined and documented at this time. One of the most
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important parts of this plan must be "measures ot success" based on sound

system criteria which can be used to monitor progress in the technology.
Since robotics must be considered an immacure technology, the exact crirerfa
to evaluate progress remains uncertain. It is believed that the following !4
criteria Is suificiently broad to enable a management team adequate means to
evaluate the contribution and rate of development of various component and
system technologies.

1. Multi-task Cavability
The number of distinct tasks a given robot system can perform_ is a

dominant consideration in order to reduce the number of such systems necessary
to operate the space station. A reduced number of robot systems implies
reduced weight and a reduced inventory of replacement parts. Some of the unit
processes that must be performed are:

Operate simple mechanisms
latches, cranks, slides, handles...

Joining and fastening
fitting, force fit connectors, spot welding, forming, boing,
screwing, lockimg, coiling, riveting, electron beam welding

Precision machining
grinding, sanding, brushing, drilling, routing, trimming,

0 cutting
Handling

parts transfer, limp materials, slippery materials,
warehouseing

Automated inspection
seam tracking, surface flaws, meteorite damage, etc. on solar
arrays, thermal radiators, windows, mirrors...

In addition, there are several complex dynamic motion Casks which are either
necessary or may be tested for space station operation. These are:

Docking and grappling maneuvers
Reactionless operations
Stabilization by appendage motion
Rigidization
Catching and storing space debri
Throwing and jumping
Dual robot operations

0 Overall robo systems are intended to carry out some in-depth functions over
the long term such as:

Clean room operations in both manufacturing and experimental lab
modules

Self measurement of space station dimensions over large distances
Space station assembly
Repair and maintenance throughout the space station itself
Repair and maintenance of satellites in orbit

This breadth of activity shows that robot systems in the space station face a
formidable spectrum of physical tasks. This breadth strongly argues against
numerous specialized dedicated machines but in favor of generic multi-purpose
robots with an ever increasing level of flexibility. The reality of this need
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for generic technology may be instrumental in leading the move away from

numerous highly dedicated machines now used throughout U.S. manufacturing.

2. Level of Machine Intelligence

The full array of housekeeping chores, inspection, maintenance, and
response to emergencies will overload the limited number of personnel on board
the space station. Hence, every effort must be made to automate as many of
these operations as possible. This objective can only be met by employing a
high level of machine intelligence frequently based on principles of
artificial intelligence. Because a continuously updated data base will be
used for the space station, the work environment will be reasonably well
structured. This means that semi-automatic inspection, near optimal
trajectory planning, situation assessments, collision avoidance, etc. are
feasible for the space station.

The commands from the human operator through the manual controller can be
perfected in terms of functional requirements stored in the data base, Jitters
and gross errors can be mathematically filtered, motions once taught can be
repeated without operator involvement, or a ghosted robot can be used to guide
the operator in planning motions in an obstacle environment. Since humans can
not either make unaided precision measurements or perform precision operations
especially under disturbance, machine intelligence can be used to augment the
operator's skill. This becomes especially necessary in the operation of dual
arm systems and the automatic foothold selection and walking operation of
multi-legged structures. Machine intelligence will be used to control extra

C. degrees of freedom, to reconfigure the robot structure to provide more
precision or dexterity, to search for system faults and to call for and plan
for corrective action.

This level of machine intelligence far exceeds that available today in
industrial robots. It will be achieved only with a consistent and long term
coitment to a broad based R&D program by NASA.

3. Time Efficient Operation

Because of the high cost for the space station ($8 billion) and because
time may be of the essence in emergencies, the time efficient operation of the
supporting robotics technology is an important criteria for its design and
implementation. The reference would be either the time for the human alone to
perform similar functions on earth or the astronaut alone in EVA. The need
for productivity is highlighted by the fact that the shuttle has 4 to 6
failures per day and that docking with a satellite now requires 8 to 10 hours.
Accurate situation assessments can be carried out numerically without human
intervention. The data base and imbedded AI technology can be used to
eliminate time consuming trial and error motion trajectory selection in an
obstacle strewn environment. Once a complex motion has been selected, it can
be taught by human control and repeated automatically by machine intelligence.
In this regard the CAD data base can have a high payoff as a basis for
astronaut training. In the robot structure itself, high load capacity,
precision and resolution, combined with low stictlon and backlash can
significantly reduce the fatigue and frustration experienced by the human
operator.
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4. Unstructured Task Level

The numerical documentation for tasks to be performed by robots on the
space station will draw on an extensive and continuously updated CAD data
base. Many uncertainties will exist because of the differences of "as is" 4 9
versus "as designeo" resulting from imperfect assembly, maintenance, parts
replacement and updates, st-uctural damage, etc. Maintenance procedures may
not be as prescribed but as necessary. It may be necessar' to corTect the
incomplete or imprecise work performed by dedicated automation equipment.
Patching may be necessary in the near term although the goal must be to
restore all components to first class condition. Sensors used in automated
dimensional inspection will continuously update the CAD data base. The goal
is to reduce the level of numerical uncertainty to a minimum. Had this effort
been pursued in the case of nuclear reactors, their maintenance by robots
would have become much more feasible and certainly less expensive.

5. Geometric Dexterty;

The minimum dexterity required to control spatial motion is 6 DOF.
Serial strictures are more dexterous (in avoiding obstacles, range of motion,
...) than parallel structures. The human arm contains a mixture of 7 serial
and parallel DOF and when combined with the shoulder's motion provides 13 DOF,
certainly sufficient to perform most dexterous tasks at the human scale.
Essentially, compact and cluttered work environments (as in the space station
lab modules) require extra DOF (say a total of 8) to make a wide range of
motions feasible. It is conceivable to add extra DOF modules to a robot to
enhance its dexterity on demand. Unfortunately, no mathematical scheme has
been developed to prescribe the motion of a robot having more than 6 DOF.
Only principles of Al combined with physical criteria for best overall
operation can be expected to treat this problem. To date, this problem has
only been conceptualized in research laboratories.

A maximum level of dexterity may be achieved by a slender "snake" robot
having 8 to 10 DOF in the large and several fine DOF in the small (the
cherry-picker concept). A highly dexterous end-effector may be necessary in
grasping space debri, handling small parts in the maintenance of satellites,
etc. This high level of geometric complexity far exceeds the dexterity level
that can be achieved by-any manual controller. Hence, the operator's commands
must concentrate on the function to be achieved while the operating software
must automatically command the extra degrees of freedom-a level of
intelligence which far exceeds that available today.

6. Portability and Mobility

A major issue for the space station is to establish the ability to move
about the station to perform planned or emergency repairs or to perform
assembly and disassembly tasks involving:

Material transport
Satellite capture S
Service orbiting platforms
Inspect station structures
Inspect solar panels
Inspect tension cable telescopes
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The questions of on-board power, tethers, on-board intelligence, on-board
inventories of replacement parts, etc. must all be dealth with. There are
three approaches for mobility for space station operations. These are:

Rail Transport-This requires tracks to be overlaid over the whole

platform structure. It carries an increasing weight
penalty as the station grows in size. It appears to
be difficult because of its limited motion range to
avoid all obstacles. Tracks would provide a high
level of reliable motion with precision, high load
capacity, and very efficient energy usage.

Crawling -This technology would probably involve some form of
walking machine either tethered or with its own power
package. Its relatively low weight does not grow with
the size of the station. It would be fairly energy
efficient but would move slowly and involves a very
high level of undeveloped machine intelligence to
govern the motion of its legs.

Free Flight -This system vould carry its own power package to
maneuver by thrusters or by jumping from one part of
the station to the next. This method is relatively
energy intensive, involves time consuming docking and
rigidization procedures, is slow, and would have a low
load capacity. It is less reliable than the other
concepts and would potentially create problems with
its thruster plumes. Overall, it is the most near
term technology available and carries a fixed weight
penalty when ignoring its fuel consumption.

In the full development of the space station, some balanced combination of all
three of these concepts will probably be employed. Hence, it is recommended
that they all be developed further for space station evaluation and possible
implementation.

7. Precision

c Many operations in the space station will require high levels of
precision (I to 10 thousands of an inch) even when the robot structure is
disturbed by forces generated by the process being performed. In order to

41 appreciate this requirement, the example of the 5500 lb. Cincinnati Kilacron
T3-776 industrial robot deforms 20 times (0.200 inch) its resolution (0.010
inch) under its payload of 150 lb. Space station robots will necessarily
weigh 1/20 of this robot in order to create a force of 75 lb. In order to
achieve the level of precision desired, tt will be necessary to make the robot
"electronically rigid", a development objective now underway in some research
laboratories.

Process disturbances occur from such unit processes as cutting, routing,
bending, drilling, force fit assembly, ec. The availability of these
processes would significantly reduce the otherwise large inventory of parts
that would be required to repair major space station damage (however
infrequent). It further simplifies the overall design of the station probably
also decreasing its weight.
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Precision light machining by generic robots would reduce the number of
havy dedicated machines required to perform experiments or manufacturing *:n

the lab modules. Such precision is essential to the handling and repair of
precision lab instruiments even requiring a level of miniaturization not IF
normally addressed in robot structures. Certainly, precision robots can also
be used to make critical, dimensional measurements as a means to prepare f.or
required repair or adjustment. It would be highly desirable if a robot could
repair a neighboring robot system. If any of these functions in~volve the

human operator, precision in. the slave robot would accelerate his task rate,
reduce his fatique, increase his work time span, and reduce the need for his
full concentration during oversight.

8. Load Caoacirv

Two competing criteria face the designer of robot systems for the space
station. On the one hand, the robot must be generic and able to carry out a
large collection of functions including th'~ose with prcC±ionl even under force
disturbances. On the other hand, the requirement for precision under load
directly effects the overall weight of the robot which must be as light as
possible. Serial robot structures which now predominate in industrial robots
are least likely to meet both of these criteria. Parallel robots, similar in
architectt'-e to the Odetics walking machine, can be both low weight and able
to mai- -ain a large force with minimal deformation. Because weight is at such
a premLum, actuators to drive these structures must be carefully balanced in
terms ~f power density, stiffness, weight, responsiveness, and resolution.
Long experience by top motor manufacturers show that the best combination is a
rare earth d.c. motor attached to a high quality harmonic drive with a
reduction ratio of 1.80 to I or more. Some have recommended that direct drive
motors which no gear reduction be used. U.nfortunately for space station
application they fail for two reasons. They will be heavier than other
solutions and they will not be sufficiently stiff to control forte
disturbances to the system which is essential for precision operations.

Early designs for the space station suggest a 5 ft. reach robot capable C

of developing a 50 lb. force at the and-effector with a 1% total deflectio.n (a
deflection of 0.6 inch). Such a system could perform only the simplest of
operations and would fail to be able to treat the range of operations that
will be required to keep the space station available. Consequently, an
integrated development effort must by undertaken to develop lightweight robots
which can still maintain precision under load.

9. Reliability

)S

Robots for the space station will have to operate in a hard vacuum, in
radiation, experience thermal gradients, and be impacted by micro-Meteorites.
Nonetheless, these robot systems mnust be as reliable as possible. Failure
might mean the high cost of total replacement. Or it would mean that the
robot would have to be repaired by a neighboring robot system. This
maintenance objective would best be met by using robots made up of modules
which could easily be replaced. Redundancy in some of the hardvgre components
(sensors, encoders, local microprocessors, etc.) can be helpful.
Unfortunately, the need to be lightweight and compact makes reliability more
difficult to achieve. Self monitoring software similar to that being Used in
advanced computers would be highly desirable. In this regard,
self-calibration of the robot system after maintenance or component
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replacement would be necessary to maintain the match between the control
software and the robot hardware.

10. Obstacle Avoidance

Since low weight and compactness is a cop space station priority, the
operating environment in the lab modules will be constrained and cluttered
with obstacles. Similar obstacles surrounding the space station Itself will
make passage uncertain. Consequently, collision avoidance technology must be
part of the operating software of these robot systems. The best means
available is to use the documentation of the daca base to mathematically
prevent collisions between the robot structure and the obstacles from
occurring. This can be accomplished by putting an imaginary barrier a finite
distance from the surface of the robot which when breeched by an obstacle
would generate an imaginary force in the software to stop the robot from
proceeding. This force could also be transmitted through the manual
controller to alert the operator of the approaching physical impact. This
collision avoidance technique works best with slender serial robot structures.
Also, dynamic stopping procedures will have to be part of this technique. The
collision problem is somewhat more difficult for the dual arm system proposed
for the vehicle to be used for in-situ satellite maintenance.

11. Force Sensing

The force level experienced at the end-effector of a robot is critical to
determine whether a given task is being performed properly; to determine if
damage is occurring to the part being manipulated, or to be aware of excessive
forces in the robot itself. Also, since low weight is important for space
station robot systems, large deformations will occur. These deformations
should be eliminated in order to maintain the required precision and to reduce
confusion experienced by the operator of such a system. To be able to
compensate for these deformations, it is necessary to have a complete
parametric model of the robot structure, to calculate all link deformations
due to measured forces on those links, and to develop corrections to the
actuator commands to remove the unwanted deflection of the end-effector, all
in real time.

Force sensing can be used to track a constrained motion as might occur
when turning a crank with a robot. Force feedback to the human operator is
probably the most important process parameter to assist him in carrying out
complex operations. Force sensing in dual robot systems is especially
important because of their high level of redundancy. Unique to the space
station, it will be necessary to monitor the forces at the base (shoulder) of
the robot in order to minimize negative effects (such as vibrations) on the
space station structure.

12. Smoothness of Operation

Smooth operation of robot systems means that a minimal amount of dynamic
shock occurs either in the cmmand signals of the robot, at itsend-effector,
or within the structure of the robot itself. Dynamic shock leads to
vibrations which would occur easily in space station structures because of
their low weight and low internal damping. Smoothness is particularly
important in the lab modules since any level of vibrations will impact
negatively on either experiments or manufacturing in progress. Backlash and
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stiction are shock generators and are particularly damaging in the micro-g
gravity field since the structure is effectively unloaded (the equivalent of
no preload to insure contact among Joining parts). Backlash in actuator gear
drives must be eliminated as a top priority. Stiction makes high resolution
and a small minimum step difficult to achieve.

Smoothness is particularly important in precision light machining
operations and to precision assembly. Lack of smoothness reduces the value of
the data base as a means to accurately control the robot. Because of additive
errors in serial structures, they are more sensitive to stlction and backlash.
Hence, enhanced precision can be expected from t'.: use of parallel structures.

13. Operational Envelope

The present Remote Manipulator System (RMS) of the shuttle has a 55 ft.
reach and a level of dexterity similar to the human arm. This serial
structure is ideal for low precision deployment functions and should be
continuously updated for this purpose. Beyond this, smaller scale systems
should be developed, preferably with common modules, both in hardware and
software. These smaller systems sbould be either serial (for high dexterity,
obstacle avoidance, reach) or parallel (for high precision, load capacity,
light weight).and some should be combinations. The scales for the operational
envelnpe might be:

RMS 60 ft.
KEL4S 10 ft.
Man sized 4 ft.
Small 2 ft.
Miniature 3 inches

The number of degrees-of-freedom also must be scaled to the task:

3 DOF handling
6 DOF generic motion
8 DOF high dexterity
6 large DOF
6 sall DOF cherr' picker

14. Vision

Vision has the same importance to space station robotic systems as a
feedback mechanism as does force sensing. Its principal function will be to
enable continuous and autonomous inspection of the space station by using the
reference of the data base. Machine vision excels at very small scales which
makes it ideal for searching for fatugue cracks in the space station
structure. Unfortunately, vision is not the ideal mechanism to sense the
effects of disturbances in precision operations since it measures positional
errors. It is far better to measure a higher level parameter (say force)
which can then be integrated to completely eliminate the error by feedforward
compensation. Nonetheless, vision is the dominant means of feedback for the
operator to rapidly access the global condition of a work scene,-to
approximately locate obstacles, or to sense the likelihood of an unusual
circumstance such as an impending accident.

Machine vision can be computer enhanced, filtered, transformed, etc. to
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the benefit of the human operator. Vision technology is essential to the
training function. Today it is possible to use fiber optics in the finger
tips of end-effectors to make very close inspection feasible.

X. SPECIFIC PRIORITIES FOR FUTURE ROBOTICS DEVELOPMENT

This section of the paper presents an informal analysis of the near and
long term development priorities for the implementation of robotics to support
the operation of the space station and its various missions. The key
objective of this analysis is to determine the balance of the component
technologies that must be integrated to meet the mission goals. Table 1 is a
collection of 14 component technologies, which when integrated into a syste:,
would create the required functional technology. Table 2 ranks (from 1 to 10)
the importance of each of the component technologies to the 5 separate
.issions for robotics associated with the space station:

Assembly of the Space Station
- Satellite Servicing

Maintenance of the Space Station
Hazardous Manufacturing and Laboratory Experiments
Maintenance of Robots

This has been given for the near term (N) and long term (L). Tbe results of
o the matrix analysis for the near term is given in Table 3 which also includes

a factor associated with the near term availability of the technology (today
geometry is much more available relative to its potential contribution than is
intelligent control, vision, or AI). This availability factor has been used
to weight the associated component technology to give a combined
importance-availability indicator for the near term. Table 3 shows that

* geometry (10) is the most important near term technology followed closely by
prime movers (9.0), graphics/CAD (8.8), etc. Table 3 should be considered as
a guide to structure the balance of laboratory manpower to create near term
system technology for space station robotics.

Table 4 ranks the long term Importance of the component technologies
C (considered equally available in the long term). Not surprisingly,

man-machine interface becomes a top priority for space station robotics,
followed closely by end-affecrors, actuator modules, sensor technology, etc.
Interestingly, none of these component technologies are unimportant since the
least still has a strong ranking of 6.3. This means that future robotics
technology for the space station must be a balance of all technologies; i.e.,
the meaning of integration to meet a given mission.

Table 5 gives a listing of criteria for success of the system technology.
This collection of system "quality of operation" criteria tempers the
enthusiasm for a given component technology. If. for example, too much
development of a given component technology is undertaken at the expense of
other important component technologies, the mission effectiveness of the
overall system will suffer accordingly. Each of these criteria have been
ranked for each of the specific applications of robotics for the space station
in Table 6 (for both the near and long term). The overall ranking of the
criteria for the long term is given in Table 7. Again, as expected, the most
mportant criteria is the generic character of the system; i.e., how many
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TABLE 1: MYATRIX OF COONENT TFC1NOLOGIES FOR ROBOTIC SYSTZ .

The integration of numerous technologies is one of the fundamental
realities of robotics (or more generally, intelligent machines). Often
significant progress in the system development will occur after a breakrnrzu4'
in a component technology. Hence, except for exceptionally large research
facilities, most research efforts will pursue a few component technologies 3nd
look to the manufacturer to do the system integration and development. The
following 14 component technologies are given to cover the broad spectrum
represented by robotics.

1. The structural geometry of the robot,,its design and operation for
determinarion of its workspace, reach, dexterity, obstacle avoidance,
etc.

!. Structural dynamics of robot systems for modeling of robot dynamic and
vibration phenomena for purposes of design and improved operation.

3. Prime movers are the muscles of the manipulator whose precision of
operation is dependent on their response and resolution.

4. Actuator modules involves the structural integration of prime movers
into modules of 1, 2 or 3 degrees of freedom which can be assembled
into'robotic systems. C

5. End-effectors are the interface hardware and software to perform the
handling, inspection, machining, etc. task of the robot; they may
include special touch and force sensors.

6. Gravhics/CAD of robot phenomena to enhance interactive design and
optimization of robotic systems and their integration in complex
manufacturing environments.

7. Sensor technology is essential to the existence of an intelligent
machine so that it is aware of its own existence and process parame-
ters associated with its operation (manufacturing, maintenance, etc.).

8. Vision is the specialized sensor capable by computer enhancement of
rapidly digitizing the physical environment of the robot allowing for

comprehensive planning and tactical operation. P

9. Artificial intelligence structures the decision making process for
multi-layered phenomena in the robot system.

10. Intelligent control involves the layered implementation of various
control strategies on global and local objectives.

11. Software modules implies the compact and hardened packaging of S
frequently used algorithms and their specialized chip assemblies.

12. Computer architecture involves the assemblage of serial and parallel
processors capable of treating multi-faceted computational tasks
within the concept of real-time operation of the system.

13. Co unication interfaces involves the structural distribution of
operational decisions and data reduction and transfer of the sensor
signals among the various components and layers of the total system.

14. Man-machine interface allows direct human communication with the in-
telligent robot to facilitate human augmentation in unstructured task
applications as micro-surgery, nuclear reactor maintenance, etc.).
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TA3LE 2: ESTLATES OF LONG TF L M RTANC OF CO4ONE.:;T
TECHNOLOGI S FOR SPACE STATION OPERATIONS

Estimates of = ', i

Importance of
Robotic Technology q 0 a a a =

Z. 00 4W M - 0for Various -" A . a a
Applications 0 _ ' c

Robotic Component o O x o
Technology 7q L - N L

1. Geometry 4 56 16 18 3 4

Z. Dynamics 6 8 3 5 3 5 5 6 3 1 4

3. Prime I
Movers 6 6 5 5 6 6 5 5 4 4

4. Actuator
Modules 6 8 5 7 7 9 6 8 4 5

5. End
Effec:ors 4 6 5 1 7 9 6 6 7 9

6. Graphics/
CAD 4 6 6 7 7 a 3 4 5 J

7. Sensor
Technology 4 6 6 1 6 8 5 7 5 7

a. Vision 4 5 7 7 7 7 5 5 5 S

9. Artificial
Intelligence 4 4 4 6 7 8 5 5 4 4

10. Intelligent
Control 6 7 5 6 7 7 5 5 4 4

11. Software
Modules 6 7 5 6 7 7 4 4 4 4

12. Computer
Architect 5 6 6 6 7 9 5 3 5

13. Cotmunication
Incerfaces 5 5 5 5 7 8 4 5

14. Man-Machine
Incerface 7 9 7 8 7 9 9

N-Near Term L-Long Term
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TABLE 3: NEAR TE'R RANKING OF COPONENT

EC~NOLCC S SACE ........ . .. ..

Component Near Term Near Term
Technoloev Availabilitv Ranking

(Normalized) (No rmalized

1. Geometry 1.0 10.0

2. Prime Movers 0.7 9.0

3. Graphics/CAD 0.7 8.8

4. Man-Machine Interface 0.5 8.3

5. Sensor Technology 0.6 7.8

6. Communication Interfaces 0.5 6.5 C

7. Actuator Modules 0.4 5.6

8. Computer Architecture 0.4 5.2

9. End-Effectors 0.3 4.5

10. Intelligent Control 0.3 4.2

11. Dyn-'cs 0.3 3.0

12. Vision 0.2 2.8 C

13. Artificial intelligence 0.2 2.4

14. Software Modules 0.1 1.3
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TABLE 4- LONG TERM RAKING OF cOONE:T

TECtMOLOGIES FOR SPACE STATION ROBOTICS

Component Technology 
Normalized RankinR

1. .Uan-?4achine Interface 
10

2. End-Effectors 
9.3

3. Actuator Modules 
9.0

4. Sensor Technology 
8.8

5. Computer Archicecture 
8.0

6. GraphicS/CAD 
7.6

7. Intelligent Control 
7.1

8. Vision* 8.7.1

9. Communication Incerfaces 
6.8

10. Dynamics 
6.8

11. Software Modules 
6.6

12. Geometry 
6.6

13. Artificial Intelligence 
6.6

14. Prime Movers 
6.3
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TABUE 5: CRITERIA FOR ADVANCED ROBOTICS T7C*NOLOGY

The following is a listing of 14 distinct criteria chat may be ased as
indicators of the level of the technology available in an advanced robot:C
system and may be useful means to Judge progress of the technology under
development.

I. Multi-task caoabilitv means the number of different physical casks
chat can be performed by the same robotic system.

2. Level of machine intelligence implies the level of integra:on of
computer hardware, software, and artificial intelligence to mae the
system as autonomous as possible.

3. Time efficient operation implies the speed at which the robotic system
performs its task relative to the human performing the task alone. S

4. Unstructured task level suggests the level of numerical uncertainty of
the operation that is to be performed by the robotic system.

5. Geometrical dexteri t is an indicator of the motion range the
end-effector can move through while performing physical tasks.

6. Portability and mobility implies the level of movement the total
robotic system has relative to a stationary (fixed shoulder)
manipulator.

7. Precision is an indication of the absolute precision of placement of
the end-effector in world coordinates in response to simple numerical 0
comands.

8. Load capacity clearly implies the ability of a robot to carry or
resist a given load without major deformation.

9. Reliability is an indicator of the failure rate of the total robotic
system.

10. Obstacle avoidance suggests the ability of the robot to avoid
obstacles in its work environment.

11. Force sensing suggests the measurement of forces in the manipulator
system to be evaluated by the machine intelligence to judge working
forces or to compensate for manipulator deflections.

12. Smoothness of overation implies the lack of backlash and stlction or
very large deformations in the manipulator system.

13. Operational envelope gives an indication of the working range provided S
by the robot without moving its shoulder.

14. Vision corresponds to shape recognition either by enhanced analog
feedback to the human operator or by digitizing the scene and
providing numerical shape recognition.

40



TAB-U 6: ESTLMATES OF .OG 7 .  . CF RCBOT.C

CHARACTERISTICS FOR SPACE STAT:ON OPERATIONS

Estimate of 'Importance of Robo- >,, _

A>lctln . -- -tic Cbaracteristric --

for Variocus - .. c
ADolications W.

Robotic - 0 W o

Characeristic N _L N L q I L

1. Multiple Task II
Capability .5 1 6 9 1I 6 1 ~ 6 110

2. Level of Ma--chine Intel- 6 8 7 9 7 9 4 6,6 j6 10
ligence

3. Time Effi- .1f
cient O . 3 5 3, 3 5 3 4

4. Unsructured
Task Level 3 5 5 7 3 5 4 5 66

5. Geometric -

6. Portability

& Mobility 8 101 )79 179 1516. 4

7. Precision 6 ! 7 9 7 8 6 8 6 9

8. Load Capa-
city 5 5 3 4 33 5

9. Reliability 188 7 9 7 7 6 8 4 5

Avoidance 6 8 5 6 6 4 510. 0bstaclej68-

11. Force
Sensing 61 6 11 5 7 !6 61 4 6 6

12. Smoothness of
Operation 8 7 6~ 8 1 - 3 5 3 5,

13. Operational
Envelope 61 8 1 5 7 6 8 13 6 3 1

14. Vision 6 6_5 7 836 6

* N-Near Term L--Long Term
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TABLE 7: RKAING OF CRITERIA TOR SCCCZSS

FOR S?.XCT STATION ROBOTICS

Characteristic '7:.,a-lzei

1. Multiple Task .3

2. Level of Machine Intelligence I

3. Precision 8.9

4. Portability and Mobility 8.5

5. Reliabilit' 7.6 0

6. Obstacle Avoidance 7.6

7. Force Sensing 7.2
C

8. Smoothness of Operation 7.2

9. Vision 7.2

10. Operational Envelope 6.9

11. Geometric Dexterity 6.7

12. Unstructured Task Level 6.1

13. Load Capacity 5.0

14. Time Efficient Operacion 5.0
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different tasks can one system perform? This criteria for multi-cask
capability is followed closely by level of machine intelligence, precision,
portability, and mobility, etc. Generally, no one criteria is unimportant.
Specifically, any one criteria could become dominant for a given application.
For those who must now structure a program to produce results 15 to 20 years
from now, it is clear that no component technology or no criteria for system
operation can be ignored to assure success. The principal conclusion is that
balance of all technologies and criteria for success is essential for the
program to meet its long term mission.

XI. CONCLUSIONS AND RECOMfNDATIONS

It is believed that the NASA program for automation and robotics is
potentially the most comprehensive and balanced program ever pursued for the
development of robotics in the United States. This probably is because NASA
has had a long term interest over at least two decades and has maintained some
in-house development groups for this purpose. Without doubt their
appreciation for the importance of the man-machine interface is unique and
more balanced-than found in any other agency program. Also, NASA has been
properly tasked to provide an enhanced tech base to respond to our
productivity problems associated with the weak U.S. trade stance in
value-added goods (a deficit nov of not less than $100 billion/year).
Generally, this mission would be best associated with the Department of
Commerce, but It has little history of managing a major technology based
development program. Because of NASA's high regard for integrated technology
and its need to be mission oriented, its successful pursuit of the technology
for robocics is more likely.

The principal operation (60%) of the space station will be satellite
servicing as much as possible in-situ. The service module will always be
weight limited with a finite number of on-board replacement modules for repair
in terms of a very generic robotics capability to perform complex precision
tasks some of which will require dual robot arms. The manufacturing and
experimental lab modules are not a top priority of the space station although
important. These lab modules must be compact and lightweight and as a
consequence they will be cluttered and unattractive for robot operation.
Snake tyoe robots made up of modules which can be easily added or removed give
the system the ability to reconfigure itself to best meet functional needs
within these lab modules. Because of the wide range of needs represented by
the space station, it is clear that major improvements in robotics technology
must occur in order to make the station both feasible and economical. This
need for robotics results from the fact that EVA for astronauts is either too
time consuming, unsafe, or unable to meet the needs of complex precision
operations.

The most serious issue for the development of robotics for the space
station is associated with the penalty of weight. For example, the 5,500 lb
Cincinnati Milacron T3-776 industrial robot deforms 0.1 to J.2 Inch under its
payload of 150#. This machine is much more robust than most industrial
robots. The technology represents the second generation of robots where
disturbances from the process (forces on the end-effector) cause major
uncorrected deformations because the system operates passively in an open loop
mode. If we now reduce the robust nature of these machines so that they weigh
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less (say 550 ibs) by a factor of 10, then the ability of the present sys:en
technology to perform anything but the simplest functions will be lost. -1' s
means that excess deformations will confuse either the human operator or the
computer driving the system from a database. I'

The demonstrated technologlcal li-itarion Is associated with what might
be called "intelligent control" or real time dynamic modeling with adaptive
control to make the system electronically rigid as is done for our fly-by-wire
aircraft. Without this technology, many of the critical precision functions:

light machining
welding and forming
disassembly and assembly

found throughout the application spectrum of the space station mission will be
unmet. Yet, the technology is feasible. What must happen is to structure a
levelopment program today to treat:

metrology of robots
modularity of robots
mechanical architecture
real time computation software C
modern control technology for robots
adaptive control
etc.

Most of these topics represent a marriage of the most modern eleccrical and
mechanical technologies. This need for marriage and balance must be a guiding
principal if the technology is to be adequate to meet the missions associated
with the space station.

Some conclusions and recommendations can be made relative to the
development program for space station robotics. These are:

1. Because extensive experience has been gained to evaluate the use of
robotics in nuclear reactor maintenance, much can be learned from :hat
experience to predict the parameters of the needed technology for 0
maintenance operations on the space station. This is especially
desirable since the space station is essentially a one-of-a-kind
facility.

2. The DOD logistics maintenance and parts on demand activity (jet engine
repair, airframe repair, etc.) are similar to many of the maintenance
operations that will be necessary for the space station. Hence, these
two communities should establish Joint programs in order to move the
technology forward more economically.

3. The Secure Automated Fuel Engineering facility (SAFE) involves a range
of operations which are very similar to those expected in the lab
modules. Again, Joint programs can move the technology forward more
quickly and at a lower cost.

4. The preceding analysis shows that all component technologies are
relatively important to the space station operation as are all the
various criteria to measure progress in the system technology. Hence,
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the research and development program must be balanced with no one
component technology being given too much or too little attention.

5. Three levels of system technologies that are very immature in robotics
must be vigorously brought forward for use in the space station:

Snake robots - dexterity
Dual robots -- constrained extra DOF
Walking robot's - balanced extra DOF

6. The future of robotics (that needed in the space station) is dependent
on the balance between an enhanced understanding of deterministic
analytics (based on physical phenomena) and underterministic decision
making (based on AI principles).

7. Since the technology for space station robotics is very far reaching
and since it must be highly generic, it is recommended that NASA
pursue the development of an extensive collection of modules for
robots (i.e., 1,2, and 3 DOF modules, sensors, end-effectors, etc.)
from which any future robot could be rapidly assembled. This would be
the most economical means of near term development making system
deveropment much more rapid once the space station needs are more

0 fully documented.

8. It is recommended that direct drive motors be considered but that a
major effort be established to pursue the development of special
lightweight rare earth D.C. motors connected to the uniquely
appropriate harmonic drive, as a class of powerful lightweight
actuators for space station robot systems.

9. The architecture of both the computer hardware and software must match
the architecture of the robot geometry and control software. This
marriage is critical to the ability of the computer to actually drive
a "known" robotic structure.

10. The computer must drive the actual robot structure "as is" not "as
built". The difference will be a significant variation in the
physical parameters from those used to construct the computer
software. This means that each robot must be recalibrated each time
it is reconfigured, adjusted, or maintained. This is a question of a
very high order.

11. NASA should establish standards for communication interfaces very
early in the development of the space station.

12. Man will be required to enter in (intervene) at a higher technological
level as the techology progresses. This means that the man-machine
interface will become more important-not less, as many suggest. The
recommendation is to concentrate on a universal force feedback manual
controller capable of driving any robot in real time. -

13. A dominant system criteria for space station robotics is that they
must perform a very wide range of physical tasks (in scale, precision,
dexterity, speed, disturbances, etc.) in order to minimize the number
of robots needed (reduced weight) and the likelihood ttlat emergencies
can be met by any available robot.
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14. All documentation in the data base of the space station must be
continuously updated to represent the "as is" status at all times.
Otherwise, the burden on the crew to supervise the robot systems wou.d
be excessive.

15. Since the technology for space stat:Lon robcrtzs will be
technologically different !mom :hat of existing industrial robots and
since the need to achieve near optimal results is an imperative, the
methodology of design -or space starion robots will have to be basec
on sound engineering principals and the best existing and future CAD
technology, some crf which will have to established for this purpose by
NASA.

16. An important facet of the space station program statement provided by
congress is that NASA is to transfer the technology it develops from
this program to enhance productivity in civil sector manufacturing.
Hence, it will be necessar-; for NASA to evaluate the weaknesses
plaguing the nation in its ever increasing trade deficit from high
value added goods so that it can properly prioritize this transfer.

In several supporting documents, the role of the universities is
considered to-be unresponsive to the mission goals of a development program of
this magnitude. If the goal is also to create infrastructure to create a
national response, then young people must be involved. To do so means to
change the way we structure the university program element, supporting those
university centers that present a team approach with industry to meet
development objectives in a timely fashion. This can be achieved, but it must
be an early program priority carefully worked out by the decision makers of
NASA, the affected universities, and the cooperating industries.

The following recoended automation and robotics technology program cost
summary* appears to be well balanced and proportioned to the need described in
this assessment although the funding for the prototype demonstratons appears

somewhat low. Nonetheless, some reports and public presentations do not C
appear to reflect these proportions leaning heavily in favor of one or tuo
component technologies. This bias may be a result of the mistaken belief that
one or two technologies will fully meet a given mission since the remainder
can he bought off the shelf when the need arises. Everything this assessment
has encountered argues very strongly for the pursuit of all component
technologies and system characteristics in proportion to a detailed analysis
of those needs. A structure for that analysis is given in this assessment and
some numerical priorities have been suggested although a more careful analysis
is recommended.

* See Ref. 12.
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Cost Sutwarv (SM/vear)

Research Demos
NASA leads

Man-Machine Interface/Robotics 51 10
Information Management 26 4

NASA Applies Leverage
Man-Machine Interface/Robotics 25 4
Information Management 31 7

NASA Exploits (Buys)
Man-Machine Interface/Robotics 1 1
Information Management 4 1

Infrastructure (Technical) 23 5

160/yr. 30/yr.

This assessment has stressed the need for balance in the development of
technology for automation and robotics for the space station. The first
reality is that the space station is a one-of-a-kind effort and that its
operation is at least as complex as that of a nuclear reactor. The history of
these reactors is that they are available for only 75Z of the time. This lack
of availability in the space station would be devastating to its usefulness to
the military and especially to the strategic defense initiative. The best
opportunity to improve this availability (say to 95%) would be through the
full implementation of an advanced robotics technology to perform service and
maintenance especially under emergencies or attack. Unless the availability
question is dealt with directly, it is likely that the total investment will
be poorly used. The history of this type of system (nuclear reactors, ocean
floor activity, etc.) clearly suggests that care must be taken in managing the
program and, in this case, it means balance and a due regard to the required
contribution needed from all technologies.
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II

1. Metrology of Robots
Sponsor: NSF and the Department of Mechanical Engineering.

In order to create the dynamic model of a robot structure as the basis
for its control, it is necessary to numerically identify all system
parameters such as link dimensions, link masses, structural spring rates,
prime mover control parameters, etc. Only one robot is known to have its
operating software adjusted to reflect the "as built" link dimensions. All
other robots operate on their "designed" link parameters making them
inaccurate under-direct computer control. The research project will
establish a laboratory for robot metrology in terms of advanced vision and
analytical modeling tools to semi-automatically identify all significant
parameters of existing industrial robots.

2. Optimal Robot Design
Sponsor: Department of Mechanical Engineering

There are a large number (108) of individual parameters in a 6
Degree-of-Freedom serial robot structure (18-geometry, 42-mass,
36-deformation, 18-actuator control). Even for this simple geometrical
structure, the design problem is truly massive. For example, what is the
optimal actuator load capacity distribution along the arm to ensure maximum
payload at the end-effector? Or what is the optimal distribution of
actuator stiffness values to ensure the most precise operation while
performing unique light machining operations? Initial success in the use
of optimization techniques to the multi-parameter multi-criteria problem
associated with robotics has led to improved distribution of these actuator
parameters. This computationally intensive effort must be e.panded to
include all system parameters for criteria applied throughout the work
volume of the robot.

3. Robot Architecture
Sponsor: The Department of Mechanical Engineering

Future robots will be composed of easily scaled structural modules
(shoulders, wrists, micro-manipulators, specialized end-effectors, mixed
large and small control structures, etc.) to provide finite packages of
proven technology to be rapidly assembled into generic intelligent
machines. This type of modularity allows the rapid diffusion of new
technology without disturbing the more slowly evolving system architecture
at much lower cost. Maintainability and rapid up-dates of obsolete modular
units would become much more feasible. The research team has already
conceptualized several modules and is working on their desin, scaling, and S
interface requirements in the same manner as computer chips and boards are
now used to assemble modern computer systems.
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4. C ,rational Softvare
nsor: ONR and the Depart=ent of Mechanical Eng~neering

,a fundamental i=el±ate need to 'e satisfied for control of robotic
strt es is the complete real time descripcton (less than 30 msec) of -he
dyna" model of the system. Thus far, the research team has been able to
calc ,re the model of a completely general 15 link serial structure (15
DOF; 30 msec. This system is composed of rigid links. Future
desc -r .ons will include n dominant deformation modes in selected links as
n st quasi DOF within the same format for the rigid N DOF structure.
Sym " programming is now being applied co these complex analytical
forr -zions in order to form the basis for a generic operational language
of ot--line programming and disturbance rejection. This is believed to be
the rst major effort to create a completely general language structure to
tres: the dynamic description of robotic systems in terms of generalized
matrtees (Jacobian, Mass, Coriolis mass, etc.) and to formally organize the
devc).pment of the controlling equations. Initial results were obtained to
detE zine the best computational resource allocation for various
desc:-ptive terms in the dynamic formulation. This work is now being
car:.ed out on selected array processors and will also be transferred to
the uper computer in the near future.

£I

5. Adaptive Control
Sponsor: ONR and the Department of Mechanical Engineering

This adaptive control scheme adjusts the control laws of the prime
mover system to reflect the real time condition of the full non-linear and
coupled nature of the mass and external load (disturbances) effects on the
stability and precision of the system. The claim for global stability is
based on a Liapunov analysis. Initial results are obtained on the effects
of computational sampling rates and the associated assurance of stability.
Preliminary work on criteria for precision of the system's end-effector
motion is also being pursued. r

6. Modeling of Complex Robot Structures
Sponsor: ONR and the Manufacturing Systems Engineering Program

As robotic structures become more general, devices such as walking
machines (4 and 6 legs with several inputs each), dual arm robots (a total
of 12 inputs) must be treated. Their generalized dynamic model formulation
(both for serial and parallel structures) is developed in terms of
influence coefficients in order to allow the designer complete freedom to
locate his prime movers in ideal positions in the structure. In addition,
formulations are being developed for a third order description of the
dynamic properties of the system as well as a means to mathematically
transfer any or all of the prime movers to any location in the structire.
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7. Vibration Analysis of Robot Structures

Sponsor: ONR

The deformations in the serial structure of robots is obtained by
representing the six modes of deflection of each link as pseudo joints (6N)
which can be added to the N prime mover joints by means of the
influence-coefficient method. A very complete model formulation is being
escablisheQ to account for end-effector deflection due either to applied
external loads or inertia loads. Also, a method is given to compensate for
these deflections in order to eliminate their effects and maintain the
desired precision of operation even under disturbances. A lumped mass and
deformation model described in terms of influence coefficients with pseudo
inputs at the principal deflections is used to model the vibratory motion
and to predict the frequencies of the lower modes. in addition, modern
modal analysis equipment is being used to analyze a Cincinnati Milacron
T3-776 robot to identify local stiffness and mass parameters and to
experimentally verify the vibration model and frequency predictions of the
lower modes.

8. Man-Machine Interface
Sponsor: Manufacturing Systems Engineering Program

As the technology becomes more complex, a greater need (not less) will
develop for a balanced control (or intervention) by man and machine. This
will require a much higher level of machine intelligence to obtain the full
benefit of the technology for man. Robotic systems used in unstructured
task environments such as nuclear reactor maintenance require the full
integration of the human operator's judgement and decision making
capability. This effort has established the design criteria for a
kinesthetic force feedback manual controller of one extra degree of freedom
as an assemblage of structural modules at the wrist and shoulder. The goal
is to enhance the flow of information to and from the operator in real time
and to use supervisory techniques to eliminate gross errors, filter
jitters, and perfect the global input commands from the operator.

9. Machining Robot
Sponsor: ONR and the Manufacturing Systems Engineering Program

The heart of the factory of the future will require inexpensive
generic robots to perform precision light machining operations by direct
computer control in order to have a maximum value-added benefit and
response to the individual consumer. This requires a complete dynamic and
vibration modal implemented with feed-forward compensation in real time to
make the system electronically rigid in order to maintain the required
level of precision without the support provided today by jigs and fixtures.
Elimination of the jigs would dramatically reduce start-up costs and the
length of the learning curve nov experienced by batch mode Qperations such
as found in airframe manufacture and would also allow direct real time
process monitoring by the factory data base to ensure quality control.



:0. Six DOF Micro-Manipulator
Sponsor: Navy 1Mantech Program

A 6-DOF parallel structure small motion device (±0.1 inch, ±2 degrees) £
has been designed as a module welsigng 20 pounds and an overall size of
about a 7" cylinder 5" hig#. This module would be placed between the
end-plate of the robot and the end-effector to make very small motion
corrections much more rapidly than is feasible by the large actuator
control system normally found in robots. Influence coefficient analysis
is being used to create-'a dynamic model of this device and to establish
design criteria for its most effective operation and control.
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EXECUTIVE SUMMARY

This wpm outlines and motivates a mechanism for managing complex, large scale,

cen&ic and technological rsearch pgrams. Ti stratey (S) for complex (C) orgpzauonal

(0) modelling (M), planning (PL) and experimenting MO, (SCOMPLEX) is discussed with

reference to examples drawn from physical processes relevant so DARPA programs. Drawing

from our experience in the analysis of complex sysems, we argue that: if de sysms consist of a

mimber of only weakdy ineracdng components, (example, ASW) then the taditional managerial

schemes would appear to be adequam If bowev, the system consists of a Imp nmber of

smngly interaing or interdependent components (example, wave propagation in random

media), then a new managerial e is proposed.- This new scheme haa the Wolowing ele-

me=~

1) A principal investigator as the Program Dirco and who has t final decision making

nisponsibiiity in all prognm arwa.

2) An Over-.zr Camnifte consisting of the mi iensms in the propain which will over-

ee t allocation of funwd, personnel e. as well a the oveml reearch direcion of die

program.

3) An Exwwal Sciond* Adviraiy Pan (ESAP). whose members m chom ftm the

academic. ndusrial and goverm scenfic comittees to provide fie best available ad-

vic and guidance fom t outz expem in t field of m inwnsL

4) A Technica Transfe Panel (fl) wha, membe will be chosen ttam gwr==eman sd

indw=tia am ina provide t ben available advice ad guianc in the tecbnological im-.

pliceuiw. of due scieNtc cb musead =my for die Services It is suggested that the

chair of this inminm be the DARPA nuac monitr for th progam.

5) These fou elemns am duplicatd a di lkvd of de rPee-r condutd by each of th

sudwan sies in the program. In this way they each becm the Dimcor of their individu-

al project for which there is an Overeer Commitee n ESAP and a TMP. TM managerial

smucure is thus seen to be self-similar and te number of self-similar levels depends an the

degree of complexity of t. progam.

6) At abh level of the proposed hierc the four elemens am used in a self-assasmem

mod to detmine if ft research goals of t. program an being rlized uad if not what is

rqired to realie thir goal. Tiey moimor, cnque and guid dt scieniA resuarch in a

coordinated mnw
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L INTODUCTON

A stateg is forutulated for th management of complex technol gical program of iters

to DARPA and the DOD. Large scale programsuc a d * h Strategic Defense IsniiVe (SDI)

bring ino focus the wed for a Ic1 1p; hemsive mnapmn approachat can identify and

disseminate methodologies that hav been developed and verified withi one context, to other

contexts wherein tbe complexity-of th problem has proven to be insurmoumrable. 14 7bis nmregy

has been adopted in the developmet and application of crun tedmhologies, but has hIretofore

not been used in the refimamemt of formal research techniques required to solve classes of applied

problem. For brevity, let us efer to such an undertking a a strtegy (S) for complex (C) organi-

ization (0) modeling (M). planning (PL) and experiment (E) and denote it by die aconym

SCOMPL.EX It a often ewrer wo presen the scope of a program such as SCOMPLEX in general

wrma, since to achieve generality, one is foate to blur-ot the details. TI. vaguenus that results

whin the deuuils- are missing often leaves one with a feeling f idisasfadma To ciuuzmvenz this

pldaL, we have elected to present a nmber of examples, an whom importance we an all agree,

and through the development of these examples, expc so all thos ingreients that such a program

sategy, mus blend.

In fte following sections we ague tha complex. system fall into categorie, those that can

be segmented into isolated (or wealy interacting) units (category 1) and thoseha am ot

(category 2). Most research poram an built under the usumption of category 1. We will di,,-

cuss ASW a the prototype af such a uerth program. This is then couvad with bow one

developsa n underaming of a particular physical mechanism or V oca-sthat can not be further

decomposed. We disus wave propagation in radam medias f para of dosalaw type

of system

Li Complex System and Predictabilty

Whedhe one is discussing the micro-mechanics of crack propagation leading to tie disin-

tegration of a turbine blade during operation, the failure modes of dhe integrated acu in a

* super-computer, the physical properias of disordered materials, or even the generation of deci-

sion polices in conflct scenar, complex behavior emerges ot of a confluence of relatively

aimple puts. 7U. individual parts either are understood, or can be understood using traditional

numabc modes, but the compreheusion of the overall system complexity is quite another matter.

* Thbe m gy of paritizoning a complex process into its constitunt elemets, studying the separate

/10',



WORLD VIEWS

DETERMINISTIC PROBABILSITC (CHAOTIC)

" SIMPLE SYSTEMS * COMPLEX SYSTEMS

- Single component - Many components

- Low velocities - High velocity

- Low energy - High energy

" STABLE DYNAMICS * UNSTABLE DYNAMICS

-Linear - Nonlinear C

- Laminar fluid flow - Tubulence

" STABLE STRUCTURES * UNSTABLE STRUCTURES

- Attractors - Strange attractors

- Solitons - Dissipative structur
C

e CHARACTESC SCALES a NO CHARACTS= C SCALES

" SYSTEM IS DECOMPOSABLE o SYSTEM IS NOT DECOMPOSABLE

Fg1



ASW

SIGNAL SOURCES

9 DIRECT MODULATION OF SURFACE WAVES BY
VEHICLE GENERATED CURRENTS

e VORTEXTRAIL

o WAVE GENERATED BY HULL DISPLACEMENT

o CURRENT ASSOCIATED WITH THE HULL
o TEMPERATURE DIFENTIAL

NOISE SOURCES
* WIND GENERATED SURFACE WAVE SPECTRUM
* WIND GENERATED SURFACE CURRENTS
* WAVE-WAVE TRANSFER OF ENERGY

* FLUCTUATIONS IN THE WIND/WAVE FIELDS
* MODULATION PATTERNS PRODUCED BY

NATURAL SOURCES

SENSORS
* RADAR BACKSCATTER FROM SEA SURFACE
o LIGHT BACKSCATTER FROM SEA SURFACE

e PASSIVE IR DETECIORS
e SONAR DEIECTORS

DATA PROCESSING
9 MATCH-ED FILTERING
* FALSE ALARM PROBABILITIES

lguw 2.
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parts. and then ressembling the whole. has worked for the most part for nearly duireihndred

yeams '13 approach has met been uniformly uaacessful. however. Exceptions immediately come

to mind when one think of applications. eg., turbule= fluid Bow. high-scress breakdown of

materials, mie lawe rodiation, eam.Each of those examples uxpoes a limitation of this tradi-

tional approach when the system being sa-died is outside the linegm iLe., strong interac-

dions aong fluid elements in turbulence, long-range interactions in high-aess matenial, inten-

sity dependent index of refraction in intense lasw radiation, and so on. Physical proceses are not

di only ones where th limitations of tho tradiiom!~ mehds are becomins evident other exam-

pi include living systaims, formal organiaton, finite sure machines and the majority of physi-

cal sytms used in high-toch popiis. Mhe typical problem Iha must be addressed by scion-

asm and prop.am manages Alike biclude the description of the dynamical and structural proper-

ties of complex systems, thew adaptability an seff-argatiunig capabilities and fiafly their fault

tolerance. Mme properties may be siummarized into the single concept of the predictability of the

system -rpris
In Figure I we depict the dichotomy of the above two wotid views. 13 first om attmpts to

model pocese as simple determittisda ic mus that mue stable and which can be flid togethe

to Constrct a larg sysu of weakly interacing siements each with its own dzwistic scale.

Eves instbilites =n such, sytm are sazishcony described by linea stability analysis. Mbs

second view is that of complex sysm where dae -com rP -ane viewed a ItlinglY nodizeariy

rsuuftgsed theefoue com be sop ersd amtrom the other. Such sytms g insabili-

de m often sequire a pmbbflsdc adur tims a deterministic descriptia at its dynamics. Mua

spertion af views is owm sipifidd but is M sefl from dhe point of view at a prop..i

manage. to whit, ifs a oplex syina fobl ino catga I then a progrvamay be developed in

which the ac n die sepazas oxmitmt the pogra siemoms. wim if die

complexsyi fails imt maregy 2 the do problem mast be addressed in is onsty. A now

program inanage scheume is required for category 2 problemre. Now an m .mIz into

which of these otgortes a portiarlor program belongs In discitssed is Secdi 3.1 ad how pro-

pum is category 2 cm be managed is diamiesd in Section 3.2

L.2 ASW as a Complex System

We mentioned that ASW would serva the prototype for the complex sysm of category

11. IPgurs 2 we present four dhifeent upects of the ASW detection problem 1) the candidate

sigaturms of dhe vehicle that serves a a signal, 2) the possible source of mis in the geophysical



WAVE PROPAGATION IN RANDOM MEDIA

WAVE PROPAGATION

e SOUND IN THE OCEAN

e LIGHT THROUGH THE ATMOSPHERE

o RADAR THROUGH THE IONOSPHERE

* IR IN THE OCEAN AND ATMOSPHERE

WAVE SCATTERING

o RADAR FROM SEA SURFACE

e SOUND FROM UNDERSIDE OF SEA SURFACE

DISRUPTION OF WAVE

e AMPLITUDE FLUCTUATIONS

9 --PHASE FLUClUATONS

9 INTENSITY FLUCTUATIONS

tpm 3.

1 0



covizsnment, 3) vnous inson that respond to ft differen candidate signatures and 4) ft data

proessing nidiniquus. t canot be over- emphasized that because fte sousce of nois given in
Figure 2 also e=t in part to ciniy te vehicie signaure, that :he desection is a statismical quzestion.

This d end resut of this progrmm is an algonrnm for a probable detection tiat mines wth ia a

possibility of being a false alart. T[oo likelihood of a detecton being a ale, alarm, can be

reduced in a numbe of ways: 1) incased knowledge of and betr mode's for the noise sources;

2) better models of f~trato of direcdy Soem1rmedP veliide eharacmsnia wit the dynamic

geophysical eswsoamnm~ 3) bette undertanding of sensor wave acameing andlor redanua. from

complex (modulated-rurbulem) water wave ids and 4) being able to identify diFfeen noises in

da dam and to process tm separudy. We notei the staisical apc of this prblem vrises

because out of the compoeatliementm (the noise) is stochastic.5 This is distict trom t way in

which flucozaarn arim in catgory 2 Promisses, ft strongly intractinzg component of thewe

lste systems teoa ftir own noise even when da system, elentus wre detenninistic' C

As is clear from Figun: 2 ft aspecta of the ASW problema ve dcmposable, at least in-so-

far =s they an really dling Itbb a question relating to sigal processes, noise peocesses or

dam processing. Mha pouoonng may well be illuory, howeer We will uazm to thi point sub-

sequently.

L3 Wave Propagutle In Random Media as a Couples Prous

Lat a now am to dom cinsgo 2 proesises. Impom eample, of such pacmises rs

fthe ff -f of medium bcuations an asyaral types of wav propegicm hiudng radio,

waves A ruIh plasma. ftl duugh dim - -lmI atnd awod trough dom oam (cE Pig. 3)Y~

In each of tus cm. dhe adirional approach is to obmin pmdiction of doe conlazin proper.

dies of the -~ 'wav based on specifc models of tm zedia and to copue turn predic-

dons with mgpumnul daLn These correlation poperties o4fma include dom fieq=y spe hIVIOf

phase, aplitude,i- hzmmc, and oherence ficncmfor a - I . e pulse qpradiuar.

adu ft soclated. minv nicatn channel clumicaristica such n f *i ui-b~id product

Special suaot is ohm givenn to dhe probability densiry fucoo of 1 1 x sit and is associated

=owe=a ai dm study recendy completed for D)ARPA at the Comter for Soas of Nonlinear

Dynamics.? Ma emphiais in thin study was placed on tei' om io of zuml from media

of qnw different physcal -hancristic; the purpose being In unerstand whet msuibsam com-

mon to all media, and to identify ft relevant medium, dhracteristics thot affet =Wt thot differ

*between meodia.

)Y S
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One ofte discuse this problem n if the wave weresueparble from doe medium through

which it is propagadag. or oinly ulighily puaWe by doe - fa hum which it is scaummd.

When te -0u- is ranom azellor the acantring mzrfae a rough, howeve, die wave problem

loses its 11--a chmuin chat th finctuations mws through the "Index of reshardon" which is a
m ------- (nonlinear) wise. ki is nw undestuod that do traditional perturbation theory is

not sufficient wo analyze the properties of systms with such multiplicative noise. Itisknwn for

exampl that eve simple symmes with such azt-eent noise can be 'energeicafly

unstable" and lead to divergng central momenY Thas one muW eiz solve the problem non-

penbawIvy or elm qappy techniques dot can sysemcally suaelected infinite series of per-

turbations (rnomalized purbstdon techniques) in such a way amt quen& he instability.

Note de In dou ASW probem.th en m wave, mcha n EM wavs scanaring from the

se suracae is usually -m-essehpamly ftao the sacme. The modaladon of the scauered

wave by toin 6 Pa wave is -amazed partuzbatively, Le., is a category I uffem~ This cano be

done for waves proptasdng in a adoza media because of tin possile divergence of low order

moments. Thu s tnhough doe two problems hav a great deal in common do Alm one is

C. nestmaed a cesep., 1, while the second is -amazed as categozy 2. In bit regard it appears that

catgory 2 syamms haves to be viewed a a uingle phenomenon or proces and bapet to further

red=m mch Sstems us*m spo nmemt elmf mu be abandoned.

IA4 Dde ndnisdc Fh1wdln

I%@ pora ASW probes. and do dscdytion of wave pp1,othough a random

modum eac has a sobstc use== IU muran a l..sa isum fic do cmpleity of the gm-

p ~ hysical sI ,iam , -a the bletdnscy of ft flow field piredictimm"4 Weador an oman

wave fbucesting ar amrsal comam in which to address the predictability problem. Tbesn, tis

pobles is pine pucticaL heaing upou the possible improvemen t borcasting and also

prmdtcdng the lkel impg of wars in any fb PPc- Weathr forecasting has been doe driving

la behid many p~mdlability sadies; nonedualss it would be a fmimi to Wden*t predics-

bility simpl as aproblem in this limited or.Rxm, predicability is a fundamntal ineoret-

Ical and computadonal lane in do analysis of nonlinear iquadons mach a in find dyfaics 1. or

low-art dynamical equations hao other arsa of phyaica.*

Much of dlauical-dynamica is divided between dewzminidc and azadacal, pins of view.

11Teitm of the former view weas particle orbits in analytical mechanics while the lacer view
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w u moc amed wit ubulence in Ouid machanics. Thee two views wer long

thought to be ditnc Mote~ work has estblished that chaotic behavior an zuuk ftm

dew nims'c sysmms with , w as t d egrm e of hzeeoom.' T :he poin of view of a meg-

mo. of te sciemift communiy has shifted mom towards de perspectve that pumly de===-

tic behavior is an illusion ad only distnbutions, albeit very narrow ones in some cases, have phy-

sica signifcance I

Despite p aical cwnezs U well as fundamenal ineontical intrst, the enal Wem of
peuditaliy undies has not become well esalished within the body of hid dynamies.

Although some mcam wxebooks have icluded brief discussion of pnrdictability issues, s  th

lizeratm of pedictability consists of isolated rseamch articles scamermd thi=gh g a mmiber of

journals. Thus a DARPA resexrch pmgrim which focuses on a nmb of important applico

din mquiue dft rmoluion of a subset of these qmons for de zalizon of the application

would be desirable. A new Mod of program coordination would be necessary to =hie this

objective.

S

S



2. SYSTEM COMPLEXITY, APPLIED PROBLEMS AN4D ASW

We emphasia here thatitrditional physics, chemnistry and engineerng an Siled with zam-

PIG laws such s momnem conservation and ezeug omer'o. Ohm's law, Ginuaims.

dcc emc Everywhere exponents am appamady inrngers and quantities = well defined. Howeve,

when Om amdies acazal sumu which = suffl901Y complex these simple zuLuzMr may not

be in avidmam= Integer epm can uuly be acdback to the analytic behavior of an

appopriat fmlcon which can be expanded in a Taylor .nes. Non-jaeger exponen imply ft -

ps of singu~laritift and the luuakdown of a Taylor aeries due to tbe divergence of a

0oefliciem Thes 101AlfpIC scalc wmau an manifest dinmuh die exiazzc of power-law dis-

aibuions which characterize the sysum.

Ln th pea decade long-tailhd diaftwuonsi haves appeared with increasing fieuqncy in dft

investigatio Of such divers phenomenon s turbulence.8'1 extreme properties of suchutic sys-

amn (flae dlam and fagres).'2 waV propagatim on ui zauxim media, (in the imouhereV

in th uno~pe ; ad th de sea"3 ), th statistica of =inzar 'wave-wave i ncus, 5n the

detection of divanrd evet nowr a cditcal point,'4 doe properties of polymers 15 and so on. many

U ohe q*Hcuiom of these lonag-talend diambutio and thur mLatin s finmulr has beeni dis-

arned. in a nam cantfmuncs jwimy hosted by the La Jolla h0Utie dhe Natona Bureau. of

Stadcs, dom Office of Na"al Nesarda, 3M GE. 50111 med the Universiy of Mityland.

EIf "the ntral md@05of -n2 a p p- oberable with ruspect a a of those Jug-Wied

6d0iM M du - s hugn so lunar scale oxss by which in, pop i mcam ad mum

wises, an AI scales. The emopto adird-uindamy, In-Im labnt. adoain-imger

expamind S0 accnpay the divrenpm of much lowader mion. Its aud y hem f=un

C, "due simplot sodmc models an be , a -uu-m-d which exth ibi ses poodes. Under a on-

pleted DARPA coona n do onliearu pucpeuu-ies of insurlals, membeus of d*a La, Jolla load-

VM developed madam walk examples when d6@ aboe characutrsics appeaam simply an amr-

ally. Thesme randlom I "mes bave anherI, self-similar (fractl) scaling in spin, thee, fun-

quency or Other apfwom variable. Tboy an be use to model complex syyrn of inuerest

which exhibit feam spanning many decodes of aale.'

Dam bume can be divided umn mos dus capture do tiam-indedemk= suucinza upen of0

do system or those dust chsacarii the evolving femnues. As shown in Fig. 4 both these Mypm of

data ca hane self-ulmilarity or scalng prouiti. Tho dynamic (time-dependem) dam in often

in ie ftanof aspemtrl deopstof a tiza series. Such series display iniuemnu ctvity
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whim tdu Mym being probed is uulUmY COMIMpl 0g. *whls, OMA was, a., and doe

compodan sEen WO anwius powW law in namie ThM povw-law indlex can be island to the

200omu nomon Of a bactal dinis. The damn for fte stone sysm ca ofam be, ezmued In

Urms of a disibudon of ft gales pmev& in dou mcmi,, e&. .arcimzs =Mial, cidcal

pomaa, emc If dim distibudon i a powm law (or Leoy whic hu san inympouc powerlaw

form) dhan tdm Wnex of the power-law diswuibwon cmn be uulazd 10 dw smdjdWa nodon of an

avezuP ftacuoL

TO ou PUM a mpl O oM f da ASW problem lIn =z look in more deail St *M of die

-ore of aoiae dame being die oman wares wave UKld wablmo in doe watr and uinblwc

in dim wind sal how dimy aI dou ==wa sinal. Each of dime shoaczui of t ftacal pro-

* ~2.1 Ocmn Sur&=c Wame and Tntera Wave

A msbulem wind bkowig ove a war adame Sira bmgd upeMm of wn waves

MID hysyai quasiom of madart = nonlinw ao dint abeana wav &Mui is dawizied

by a sysu Of u=nlBeauY COVled mOd M equucMM duive by a Ancucw mn fozs Mua wav

fluId iS, of cmmae, MtoiWed, but inawn wit -da f ai pmdr , S by ft wink, inrnal

wmaes mdadr arasynw so& muh subnawima. Mw uichos of diis problem km eloded te

duveloFMm Of a h"i m~dmuical model wish d capabilt of solvng t. oi ami c

equadcm saldciY. 5 However - 1 mode desaipsom of ft &v~lioa of to Isoiwed

affhab-wa SulM iemeA wis aMco e m =Whi ebl ofd U. kmmdost Ibit un rfam

M ir'-I wavea.~ hisvsyI ;cp- imiezzand U zluplayed by sld. ia U. aoi-

don Of ft win wav Aded, both i=zcuivelY with ft euavizummum ad in iaoladau A "am-.

plaw" daidpdon would zequm a Mora Cubo sblada of a braid band 'peu pM (mar-

&Mr wave) modulmd by a samewba nazzu-bad jau1 s (wmnfac am m d drive by a

unbbm wind Wle&

Mw. inmrcdon betwee im wim-gmeru s&o-wave spetM and ftw. Pua my. v zen

Sir , Id by inrna wave his been poposed is ft physical Mldam pving dum f observed

owen udlae moduladon panm #a well mam of ft pos swrom of cm for dw isma

wm AW (CE Fig. S) Me medwas dba produces mw~ce st ck* hm = m en lguously

detumimd, LL. wbeUdr it is a dizem imazuerion of surhm wave with nsuc omm or ft

effeet of oammzzuung Manally omaring orpgm Sims an f U. sufa by do surface



OCEAN WAVES

SURFACE WAVES £

" Generation by Fluctuating Wind (linear?)

" Hamiltonian System (without wind)

* Wave-wave Energy Transfer (nonlinear)

* "Boltzmann" Equation Describes Evolution

INTERNAL WAVES

" Dominant Generation Mechanism is Unknown

" Larger Scale Than Surface Waves

" Mask Signature of Undersea Vehicle

SURFACE WAVE / INTERNAL WAVE COUPLING e

e Direct Modulation by Surface Current

* Indirect Modulation via Wave-wave Interactions

* Pattern Modification by Surface Films

Fig=~ 5.

0,
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Sor both. In any ev the idenuificaton of thesn surfic modulation paut In is of cna!

importance in ASW, sice an under-rn vehicle can gneram surface currnt in a umber of

ways iWcl ing d pzewntion of a vomre uiL Estimates of the ,anid, of do inmmicion

between mrfaic waves and cnm have boe made hued on vauious cmbintions of linar per-

nbaion heory and radom pha. approximanon. Afbmugh soms of th estimams have been

succesfu in descrbing laborumay aprimems and carnn couoUied field experimes, there

does not exis mo dam a complete dmazy which is applicable oo the open oma imnnz 5s

Ha nioman equaoi of motn provide dw miot ysrnaunc desripton of this problem -2 it

also Is epectA to be impoamu to explicidy incude a tod e phase in the dynaica. TMs

approach can describe ft odmastic Plinaon- in d wav fie ld while at tte same me avoid

the limitation imposed by inered pearmbsive m das. Nmerical inugrmnon of ttn Hamil-

monian equation to dermnie do deconaltion among wavm camu by do phase f.ica.,ons,

and intermng a Bolmanzn a ation for th surface waves have in the past been limited by Iimi-

tubas in menoy mnd comptical capabilt. Techniques A an capimize mu de arging

mpute chowlog eed to be developed in ic a way a t amid poe die advaw4nn.

Technical problems asmociated with describizg the evolution of the wind gum ed fkid on

de nm saam m ined with tmhe l mmn of utubuleao both mae broad bond smcbuuic

Bow fields. An imwaustig anm= of &a sumstics of a nambl flow Aid cm be conmucted

fomn a conim mesnmm of the velocity id at a point in sp ce Th am a of h

velocity field ca be reed in d mim diu Usi o tm dom tht velocity eceeds mome

pume d valm. This mocad umoamsing saitim have bam use to tes fo t imrmit-

macy of tubulet flows. lh umxuica Ideas applied to them dm rnlymis mam thto

fliations in do vkcity dhave =w emulafim die. The emfm of a pow.liaw dis-ibu-

don A -o IandA nr m y in to kmalom have not b n detmined. "1u m ind false

alarm prblem disamed emaer mcemt mmslts indcm at on-Mmkoviai effec s m mungly

iinufeazie thmzeo-cns uisatcs.zs Tns. ideas have also mca y been umed to descnuie te

satiatical properties of windl- ued wor waves.21

In Ft 6 we summazim d above discussion in slghty difent languae. Plsdly, we note

that filucuatm in fid flw cms noise in a enso nmr. Secondly, that when ds "Ituccia-

dons" a caused by ocean waves, which du to inmur wave-wave interaction can have non-

Gausian nsnsucs, th nois may mquir non-sndard azayma for to mippression. ThiMdy, that

even whm de occan wav sm ulatively beip, thm inmiues nanmue of turbulence may con-

"minam th snior min sufficienly o again pose a non-stadard signal enhancemeat queston.

id

,m mmm ",.m =m~. m mm ~ mmmmi0



STATISTICAL FLUID FLOWS

o FLUID FLUCTUATIONS CAUSE NOISE
- OCEAN SURFACE WAVES INTERACrlNG WITH A

SURFACE CURRENT
- LIGHT THROUGH THE TURBULENT ATMOSPHERE
- SOUND THROUGH THE OCEAN (FILLD WITH

INTERNAL WAVES)
- RADIO WAVES THROUGH THE IONOSPHERE (TUR-

B U LENT PLASMA)

* OCEAN WAVES
- NON-GAUSSIAN NON-EQUIUBRIUM STATISTICS
- GENERATED BY FLUCTUATING WIND (SURFACE

WAVES)

- NONLINEAR ENERGY TRANSFER

* TURBULENCE

- INSTABILTES IN NONLINEAR DYNAMICAL SYS-
TEMS

- NONGAUSSIAN STATISTICS
- INTERMLTTENCY
- LARGE SCALE SPATIAL COHERENCE

Fig=~ 6.



condeano i a tiberofdisuiedIbtim pervades teannAWacdvity. For exazpleth

radar I fto. te = suri cam pivv inuemi spikes of 10- 15 db lading to Woincy

its.Hizoicailfyd m a emsapeoeo a o abenstsatrl tl~d

ASd isabd an dyde mam:o t sign als arlm Thebiy - Is fle modlain 1 1 ig-o

ad) is mede flc tin omplexm aa(wind md wave s is)ad th a qusion muas the medumao

ilo bow) im dihep zo oduladmoo cn issaeavem ad thansm din ctual... iednuofabar

a to l obtin nalti estimates of th in alumnc pa ta. A is ew imthe modtel as

* ~ ~ o zed btcuats eeofd sea tuie (ind sa wuaves it azi ign al wIN acee a to

valus in a givenm imv fomi~r fuataioms having a meinoyY

2.2 Wave Propagadlan in Random Media

The scus at mny of DARPA's, applied I aue gmi mlle am n jodcios appli-

aodas of sec models. Suo& models enapsulated ind Ira ofsu aa wide vansty of prob-

iC 1Mmd tIn i.,gia Am ons do model iD is peihimlar appliadim. A mntber of p*-

Wm have idbed hum do lock of mebh piwo models. Examples that sadly -oos v mind

laluds ft disruptio. of ms Wr ngigen idsea

All at thes foyde wave paopgati *=ugh media im mdouy tuase i. speces md/or

1 . dealin withan~e I inck meda ams ha in to pas ban A , ld usum dot

S ~ ~ t in padal and/or umpomu flaatiam are delta cornsued, L. "Marksvian."' dam usuicin

the seema of th in waim to be muchI r -,than inam of ine juopeguing wVes.fi Altough

don gs ap zmehda - aftm kwn ws be blatantly unphysical, do lack of a pmdtc model

with, which to guide in analysis ha madsem n r mouy, do anly alestve beirg lug. scale

compoast calmiahiam olke a iuquitsmemevem when the sp m, Imation is maim.

7uINS -sievral OMMo why tisa Work is importu cs zifimay and pudrtcn to

DARPA's I -s Th vas of wave popgmton for scientific ; -a, in sitadams winm an

bmiwalng Modom medium s aelsyam is wideapmed. in geal. ona - two ides in this
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WLOn the one hand the fiucting medium distorts signals and must be understood in order to

uinfoM this diutortion a farma possible. On the other hand the pmesec of this distortion on a sig-

nal of kntown properties provides a =ethod of measuring the properties of the fIuctuaing medium 0

itself. The removiA of distorton dominams in applicatins involving astronotnical observations.

both optically to he azmper and with radio waves through the Wospbem~ The meas-

umsisem of th iinevening medium: dominates in acoustic and electromagnetic 3ounders measur-

ing portius of dom amnospbere or the solid earth. Both anpecte s pmenz in the mse of radio

waves in the ionosphere uid ierplaietary plasm, and sound in the ocean.

Specifi applications of imees to DARPA over the long term iW this field include applica-

dons to HF% VHIM and UHF cmuiain through, the ionosphere, between earth statons or

ftm smielims;, to accut pointing of Iasers throuigh the ainosphere; the resolution of image

systema in smusll asoustc oummnicatioin atshaort range ndaerwate, long-range onu

dmecion of submauines; and eventual study of the sual-scale inborsogencities in the solid earth. C

At paeM, te scientifc in niy's ability to predict obermnon properties of waves is

ueasonably good in siuations in which the disnmson is weak (unsamrated scattering); that is,

wbms the ity Sucmmndom us acul omzpared with unit signul asagib. The isarach

recently omnpleted a CSND has provided a theoretical basis lbr pinedicting the coherimce times,

lenghs, sod properties of warn dismnd by differen edi, in sinucons wherthe intensity

tianiuatioi urs w unity (somid acanering).7 0ne of the impoz-mstudies tha .ean is to

psod iAdqndew =s of the prpertius of th medium deduced from the uuainitted waves.

Ow way ao do Uhs is by namining the properties of to . mo uadon- in the aintilitudu,

-hs a n k oftdn itdWaves

Muoliv eL u.AL" have mesauy made a lesiktbiouh in the mu of extrema statistics of

eachazc ;m.. tha-dit iables one to ainlydcaDy dowmnius tmhe cs of snw-Markotvian

hemtadons on a proucy problem. Their approach is one nvolvn smcdiac path impgals.

The problea they have solved is ibm of a mw-depumi-of-Oevedom now equation yielding a tujec-

tory in a non-Markovm nineinional medium Themethd so far seems to be quits pges

and may be exienided in a umbe of different firedons Me most obviou imon is to

miny-depuee-f-feedom sysmad they Ibme no conceptual difficuldes with these generuli-

Tkmy have applied their ftmuaizm to ibree specific problems: diffusion in a continiuous

medium, diffusion in a disret medium and Browman nioton.2' 2 6 'The efIfcts of correlated



WAVE PROPAGATION THROUGH

CORRELATED RANDOM MEDIA

WAVE PROPAGATION

" SOUND THROUGH THE OCEAN

" LIGHT THROUGH THE ATMOSPHERE

" RADIO WAVES THROUGH PLASMAS

PREVIOUS THEORIES

. MOMENT EVOLUTION EQUATIONS

o PATH INTEGRALS

o RELIANCE OR CENTRAL MOMENT PROPERTIES (NOT

UNIQUE)

e DELTA CORRELATED TIMES AND DISTANCES

NEW TECHNIQUES

" PATH INTEGRAL (GENERIC MODEL)

" NOT RESTRICTED TO DELTA-CORRELATED FLUCMLA-

TIONS IN MEDIA

" EXTREMAL PROPEITES OF FLUCTUATIONS ARE MORE

SENSITIVE PROBES OF MEDIA STRUCTURE THAN ARE

CENTRAL MOMENTS

Figum 7.

I "
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fuonadons am d nnined w be quits dramad when tey cout tse msnits with ose

obuined for del - ated flumasiouL For example, do cqxwaw nue of a difftmg parcle at C
a nup may be changed by an order of magitude by a non-Mszkovian envionmem. An oven

mom dramadc diffemoce in captur rms may occur when the diffuing part de is under the

i ee of a binding poenial. Tai deoretical approach takes advanap of the exuame vara-[

bility of the exact solution to the dynamic equadon. Mwe eztnsion of the technique to two dimen.
sioan will alow the sody of the uasmiutted wave in the satrmd mgion. Instead of ung de

uuadional tsucal eam=, thme bang the centzal moment and comson fumcdon anlys,

om can direcdy invesian fe winp of he distribudon of die flucuadonL The tags or winp of

do distibutioa re much more musitive probes of the mu of te mediu dn am de con-

Val mam.eim
12

3. Oruastdon of Complex Program

3.1 Complex Program and Dimensionless Costants

O. of f t fnoutul stiunies for modeling complex dynamical sym m b n b ta d3e

m of dimenuioules corn . Long bebren diwe wm, 1 my no, to ameriily intetecn- C

plicawd equaions lim those due to Navier and Stom for dscribing Iluid flow, sczanus used

din~mnionlm sau for to desi of expeazman involving small sicale phyncal models of

ful ized objem Ms design, of steps dams, harbo, cmali ws am wUld hve been ,

ai with ot such scaling es In &u uobbans oneis otn ominmd with te

Liynolds ubw, vWmh indicane the moto oftde dominan spmda scale ts dho flud low to d F
yigoaa dimpw scale iwW Mo e Dn" in of =nWi ewunof ul =m In inaulin

t uasition firm laminar t tmbulen fow. In ship desiz an d ad , k it 6t Roude

mambe dt is of cmml impornce since te dsag an a ship, to &u spproanou scales with

t Froude numbe ,

Thi smnion of dumionlm coinasna is importan becaue in larg pwtmnn pro-

Vans hav developed unuad poject that rely an a single such camesi We have vientiod

that ship dsgo Muiss on the Fioud nuamber, whezuu tunbulence is csai ndeRyad

number. Thus pogrns centerPd on ship design (drg)) abulence am "imple" in dw the C

scop of the activity is reatively well defied. A complex but d-9epoables ogi is one

that can be segmented into a numb of weakly inumracng el each of which is overned by

a dierent dimensionles coiaL Comder the ASW pzupamg dft uansport of cnrin the
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-wind-pmnmd Aid of a wavesa bhuiucmized by a mbam mmber 113 juupues ot do wind

Glad by a Reyld =mbarte 0( ft 3 imal wave fid ar dsmmined by a R~do

mambe. em.,am. Any af ft. comm my be lape fbr 3 pum l jIbe-orI iz aosm~la,

may, dbe Upyold umber for d3 air Bow may be large so ds ft wiod bs m*31m, but in vaueu

don amt deteminei *a oupling wfth *3 adjace uK d La., do sa~ -1. 6 uuMwai-ma cupling

pwiner is MafIhd by *3 bomadot. in d wind, but kt don we d- --- depend in dho wind

By mmnuz a camplazbut-cmpua- e Itmuc pum isam in which ft dime.-

adnla cam=m of am pam dlmcdy ia~uaus then of ainodu paceaa. &md dlffmumy, ft

obmvd pheunonm is wt &xola by a sngle dimmoalm comom but todw depmbd

equally an two ar wom of tom- Mms prblem of wav pegutim in a tmdm =mdiuu is of

dis farm aimc ft -odf- blcmaam eamr ft bin at of tcdam sad in A p ft depe.
W ~doom of ft*- ma oft* Rmyzuid mambar of* ft mdo&= Is inpfmbd. Similafy. Me duupdou

af ft wav deponcda on *3 onslrnio in ft o& ma i badam 11m ft Roynoldb e

and a sairbly smWe comldcdm dandl oxmldom dimam 69fms dwondmilm pine.

an darn dommn do* mddd mp 1 uatd ft 3 idkm md ifo aa of *3 ppdn

wav e.in pin la pm m In m we do =mopo zs . of ft maclo-

d3nmYA F of ft aedy1q mmodi.. No m pmp.. t*3 lporm .1 bt we a duae

panmomao bopse m Earned in poputly dmabft Ois #Mmon. %r ezmplaf *m y

-of Tink w only hin Ilmid eani Im dmmmlbla wav prooo in softa wit.ft

taconulan sdue a0 uwn suma in "~ ft wsom*3 ufh is comwlmd owlong die-

- or *3mmI m n retamn me af -'-L wit dowmat CPOD al*3qh sap.nl m t

india we* of Tmum stil mlm an do Minim, -I Il I Ifr do mmdl.. tomuim.

A m hmskloa coo= beam impnm in a minck pop.. do oppormainy

for *a Iinivdutl sciafdr w =ado a aipio. comibdom is ubd. C~iwfr bsmple

ft -ale of woodor fomomda involving nik dorn sumospimi dynamins, has =chaia

the owna nrftx, diunal cydma,. ar.'4 No we of dima .1mm cuMl be fumdLm a

cm M p F PIS model df wa*3r pmdlcmbll. Mda iadam maof "ad *f Nadoml Saem

Fondad o ma Lm a dvis lo l ft *3&lba Aumsphuo IRosamb houpm (GAMP hs

mianion hos been to sppont time mos of Imuc dirn &dizy ibmm d; publam of di.

poodiabiliqyo *3 dw -~ Tha- 7is a cmope pinup. in do mamy 2 . is wich *3

pogim mmpre mppait a wide wadity of , Inh acvidrn but ach sadvity has a apedi

*long Wm m a objectdve coomibudag ft* amdatmdin of wozhw predicmbilk.
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Research progms at DARPA have a mission oneantnon that ia generally lacking at NSP.

Since do fibility of achieving a moiton goa cn usily be idendfied mwn quickly dhan can

the walirzion of a sci c ane , DARPA's research prgrms and to be viable for the order of £

three to five yean, after which me those prorams that am wasful are picked up by one of

the servics and thos that am not become milestones for odher props. Tbus the quesnon

K'its a to how to design a comple pmigam that has di required level of inagrzzon for a

DARPA acsivity withour chang the time scale of the research. The recnt Univeuicy Research

Initiaves (URI) of DARPA sued this ingrave ,myponP, blending enficft Ocellcoce

with poantial technological impact. Mw organizaonal design of the research acvity in a given

topic ua of the URI was left in the bads of the responding iinmsions. h wuid be= srve

the m of DARPA and save tm am the part of te proposing wiesanu if there were a mawr

oranizanona scheme at provided marimm f exility to both DARPA mawn and the

reseax scienasm, wh&i a do sme due insu-imn the scomufic quality of the research. One

sach plan is oudined below.

3.2 Organkzatlonal Plan for LargeScale Complex Technological Ptogram C
e prgo liaison with DARPA's przom manager will be the Principle Investigaor

caled d. Poject Direcor. The Piojee Dirmeor will be responsible for th coordination of the 0

cuzifc and finscial dizucdoms of do porm and will bo do final decision making r -poim-

bility fbrall upem at o on.

7•* abjeacd of do progm will be realized ho h t hu bmmadom of d ames to

be wmdined by to Pfipl Jnp udginar (d Piis m It

1) Th= e2.u al Scr * Adory Pmwl (NAP), whom members will be choen fom the

aademic, inhastrial ad sovmmnt scieaif c to piovide t. best avalable advice

am guidance fin outsde expem in the el of progrumotic ameaL 0

2) Mbe Tchumojkgca Trmef. Pane (TI?), whose members will be choen flu. sovern-.

m nd ad bhsu a togs to povide the bet aalable advice and gindance am th meh-olog-

cal Impilalons of the sclendfic zeseachpnWlaty far do services. kt is met n do th de

chair of thds commwi be do DARPA oor monitor for do prsrom. .

3) TM OvcrCv ommaw Gomism of de aseor invengam in the pror and will

ovum t ailocioan of fuds and personnl, the purchae of squipmewr schldes and the

logistics of all acivitis of te prsonr in addition to the overall research hdirdon of the



COMPLEX PROGRAM MANAGEMENT: SRUCI URE,
COMM1T'EES RELATONSHIPS AND SCHEDULES

Meetings Meetings

External Scientific Technological.
Advisory Panel (ESAI') - Monthly Transfer Panel mi?) -

Senior Scientist in Government, Meetings Governent and Industrial
Industry and Academia Repreenatvs

C

I~gow
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Tho LSAP COmmitee will meet Sanly, he TM COMMizue wil meet sMIbaISly, and

the Oversa Camuiftev will mee- a least oce a month (see Figure 8).

The members of the Ezmal Scieivn Advisory Pawl (ESAP) should refect the mixture

of academic, indumial sad defense penpectives on the programmatc problms of intert to

DARPA (cf. Pig. 9). Ma. function of the ESAP is to provide scientific guidanc ani parspectve

from outside the progr., to crtique both th sentmic quality of the =*arch and its companibil-

ity with the st diretons of de progrm and to review the semianal report provided by the

Pogam Di or. Mlw Pand will meet amnally and will prepare a rep rt on their findings Tais

report will be an important component in the decision-making procewss tha determine th ongo-

ing direcon of the propri. Th Program Direor will provide the netbes of BSA? with

opies of all printd mar&[ associsted with to program including manuscripts, tactnical

M o and c e of the sami-annual repors. All thee moaerials wi be prvWid in a timely

fashion wo enble ESA? mbers to respond a thte yey meetngsp.

Tae prarcne of the Teconlogical Tanshr Pael () is to provide to pmopam with a

Wroad paupa*"l of ia pasutble awzlogiml impuc of the research (cfE Fig. 10). Mu an-el

will be oonatizated in sh a way that it w i be able to advise the prgam an the imal implica-

aa of the rewatch parfmed within the pog= and elsawhere. an a the long-mn conse- 0

quices of dis pus p lmay for t amed servics. AIdwugh scientft breshmighs

we uqrdicabls, adinokOi aivenu is sot, md TIP con help w sdmulae d kind of

Wood& aeviky mamssuy for tAw da m rio cal edvan I can also, in dtis mx t facd-

a m b of shaot and iag u nvimus bete sm -, ft; and . .,,W al

laborWaudia m Wo seeat A pn be h by tdo DARPA Conmt MniM fa tiipro-

M The P will m m miama dy. Th rather frequent mhings m mxl W offtet the

preaumed nlative uafailiuiasy of dom propam scientists with broad-bued tuchnlogcdal sus.

Under t1i gdane of *. TT? comitee de ralevant mnological question am be addressed

in the sditfic mom of the pogram. Ma. 1W committee wil preopre anaml repols which

wil be adUlbad to toe Oversee Cammmote, to tism NSA? comnuiae, to DARPA sad to the

Otr sted patis

he duties of d members of die Oversea Committee include:

S

. . . . " - ' " . .. . .



FUNCTIONS OF EXTERNAL SCIENTIFIC
ADVISORY PANEL (ESAP)

Principal Investigator ESAP - Senior Scientists
Program Director in Government, Industry

______________ and Academia

viwo0e~i

Scetfc0iiueRve fYal

0 Pisan 9.



FUNCTIONS OF TECHNICAL
TRANSFER PANEL (IT?)

PflncipalIvsiao Review of
Pro veasDigetor Government and Semiannual rtport

Representatives

Broad technological Technological Facilitation of Semiannual
implications and transfer program interactions meetings
perspective of guidance with government and

research industry

Overseer Committee

Fig=i 10.
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Q) To knep abrua of do emonfic pogns in ft Wndvual puoje of ft. progm nd to

urs do compmlbilky of fta proV=u witdo se md objeuvue of hn 910om Ma Cmmt-

Moanusoff-csml be unuzmof mad oddosue by the ESAP and ft 1WP.

ii) TO mke Mconaai for di. alocaton of oomo zcunuus iuding~ funds for

qipmi -woa maL, mmmr and wozbbepM ad suppliuL

i) To ows. m ft mnumiem of worlabop ad sminm.

iv) To ows do inidtion smd dmlopuzum of bmuozu witbuuWa and govuu-

mum aendas wid dow in dbe progrm.L

v) To iWiem wiuhdo E SAP md TIP oommnses inform &= of pnpues a~d problem,

vi) To provide do Pinpnm Dim=m widi individua wminianua isncs.

7b& imWa alicadom of incams is a miy 1mo 1; md offn samidve progr= fmnc-

do&. Afthoug broad agnu w=ul be speicAiy augzud in a proposaL duir implmam-

ha Au be saquuded s=d , qm jmrin to be an widdn t caftgorh mia 1mfoz, mking

CSh a =f ounda inuM a ft rn ua Comuime ft Piogrm Dbucm woud bav ft

&Wl decimspoodbIftz for al dit aliomm of naowus.

1w1I prgi-a wil towu bo m and Me umg viun to and frm om

u Ph inodmdm.w 7m adhlhngw wil hodhm ft dissanation of , srooll mimsd

Lwil admulue = apamdaoa for bmaducbmd mm dols and uanogica apicadom aon

dw ut of lmlamidpo pmm

I) bonmd mview wohp inwving mawny pogrm panticpm Thus wubbop winl

be deoma -- ft a geeu suview and aliqus of do wott of do progrm ove to pruvoms yea.

llMa semm wil be coordlnad wink Urn umdetg ofth ESA? sd 1WP commums

if) lnmmd "sabool woaakps far junio amads, of a pedaggca u ftk

==bor e= of ft progrm pmuing ftme or am om of lams m 6 wwLk

lii) open "ade wa Ps do - md a a randlb fo on psolmia paopnmzanc

ham. The apeab wil primariy be from do amWil of do program d wil hxm a good

m;p m- --m 1of icivatim from indtumnia and Soveamm Iabarstotes ma.o wMl be open

bruinuermig sado= ~ arg ur adu ndi borizm of dh pro for famin wor. 113..



workshops will be organized in close collaboraton with ESAP.

iv) Technological forecasting workshops devoted to the enlargemem of th progam sights

of the potential applicatom of th research conducted undr th pmrzo. Thse workshops are

to be developed and run in claw collaboration with Tr?.

The presem managerial scheme only effects t highest organizarional level of the progr2m.

For truly complex systems the W impact of this nw approach will only be felt if the srucne is

replicated funher along t hierarchy. k would seem advisable: 1) to make each senior a~ennsz

in the Overseer Commiue a Director of their individual sintfic project as shown in Figure II

and 2), to form an Overseer Committee in each project asu from the senior adenrn within that

group ad to form both an P-SAP and a =W for the pmjec. In this way not only does each pro-

ject denive the same bmefit from the SCOMnLX as does the overall prmgo, but that benefit is

=plified du t the self-smilar organizaonal smuctm.

In Figure 12 we indicate how the separate elentma at each level of dw hienirchy are to be

used as a aelf-asaeax feedback loop in which information regarding all acivides of ft pro-

gram an critiqued. Ma setior invesutigors in th progrm will povide the pmgrm director

with semiannal mmarm of the reeach bing dora und e ir direction. (Them at te same

scieimsts that collectively form the Oveer ,Committee). These smmares will be synthesized

with the necm daiom of d ESAP and doa Tr? by t propam direco into semismeal

repo. Tae repomrt will be supplied to the amnbs of i.SA, TTP and zbe Ovezar Cx it-

me for commen . In dtis wa all epCa of dtm ipam an mnsimuud by DARPA. tft outside

advism and moat imporwy by tm adm= widun ta pmrim. "a fat for 1poram

mga-in inbiMts dm fmndamoa of sspm; m oau by indidhud inw g=is and pmmmes

conaboruive ativitie.

11. pu m as ,al ml plan Ie be n doed vwt emgoy 2 in m ind. Con-

sider the pmblem of wan propagaton in nindom media. Me apects of dom pogi could well

coma of three or four of do applati on menioned ihat an of mm to DARPA in conjunc-

don with a modelin oivity tat would fbc on apying new inatam ical mciques to the

problem. The pmpnm would dbm have four o rie interred. reamch aciim thea would be

coo by the Progam Director and the Oversaw Co minee. Ma rgoamiadonal plan

would promo joim uvwies tduM would highliglt the common feanes of loe propagaion in

dm ampbere, rnedr pmopetion in de ionosp u ound pmpgaion in dhm ow-, ct . The

development of ,a n4-ptb ratber than superficial sim es onong tIose ptenomena would



COMPLEX PROGRAM MANAGEMENT STRUCTURE

Overseer

Cornmittee-O

Senior Scientist-i1 2 N1 Senior Scientist-N
-Se

0

Figurer- 11. 0r-

ESAF I TP- ESP-IrM-

Overser Ovrsee



SELF-ASSESSMENT PROCEDURE

Individual
Investigators

Overseer Committee
senior scientists

Pricipal Investigators

!S

Semiannual Reports

Fig=i 12.



ibm te bai for a pmmuic madoueucal. model of wave propagadn that includes mulatd

fluctmtons in bsm umdum TIN '--mio~g of fluuations in ft sumospba, do Woo-

aphm (puma) and the dump coman a well as tm dynomic Semzpion must be developed in a

oaodisd way in ceder io bmowan hew y infimec da peopago of linr radar and

acoudei wayu, mspecdey.

Caingoamy I med can also, bawmit f~m S present organiudional pian since k would

fosper amge muwaic dea mug dw various =maurch activities. For exmupie, in ASW dw

modeling of radar scanening from do sms mumf!- would be guuady impioved by the collaboration

of physicl oc o a . cannming phyaldam and data prowabsot. Ib. bleling of do am-

cf-ibe-at druelopuzem in auk of tevesarea would be wound by ft a..awnPrOCO&we

72m -ama beit derived from Stm ftolly mummzud tomacions would Wnormal

oaboratio and accelaut m heuuolwton of difficult technical jibubes.

4. SUMMARY

Uerma we have proposed to formatio of a mmveg for complex orgazation. modeling.

p9a-n-1 and expuinm (SCObMLEQ 11. summgy is n caganizidozm plan for do mocitor-

inlg and conal of lapg sabl cmpvlex mcbm*ical pm=L We hav divided complex pto-

Pam haD tm th can be sctmmed lao isolated (weakly immciing) ai (categor 1) and

thai that amo (ceory 4) ASW ha beest used a ample at a cateor 1 1 -Iuc po-

gum [cf. Pg.. 21 and wae rpon Iin random meshas bmused as an no** of a

empt 2 1umu pgu [cft FIg 31. 7be dmniaom a am prpaaim cammmy lea

wtd& al pps project &N, am be mile bi n cm exabdoatilt Smmba fdin-

lea -oso ace y io dmwzftb do bade pblm and w ~ or etfm m.. m are

4 indq=epiu m Ooit ha ban dedd if Sm project is garmy I or 2, d m uduus omled

uler SCObML may be adoped or no. Thm by a m ogenianal plan is do aelf

inseaim procedure ladicmd in Figures, 8 and 12, since it is tough this pvmdure dot one

decidsm if ** prmmin astisieraly m Oowzllhng its uad r-seau1 goals, Wi is act realiz-

lag Sm g oat n ds m anmim is in plaw for finpleming odificatdo ha edO fmlr

ft mere fame And dw aelf-sihlulw cbxmumr of do orgmnizuonal scib... -aem in

Ms. I1 I ea Condsumm level Ofof cs m a t W ah leve of do birhy.
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